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ABSTRACT

Acoustic backscatter signals from suspended sediment, obtained al Queens-
land Beach N.S. in 1987, and Stanhope Lane Beach P.E.lL. in 1989, are neirrored
below the main bottom echo. The aim of this study is to test the hypothesis that the
mirrored backscatter signals are the result of the bottom reflected wave scattering
from sediment suspended above the seabed, and subsequently re-reflecting from the
bottom back to the transceiver. This hypothesis is tested by devising an inversion
algorithm based on the re-reflection idea, to determine suspended sediment concen-
tration and comparing to results from multifrequency and optical backscattor vesults,
A theoretical analysis of the problem and the outcome of subsequent data inver-
sion are presented. Unlike currently used methods, faclors such as beam directivity,
system constant, and the sediment backscattering form factor are absent from the
equation used to determine suspended sediment concentrations. It is concluded that
the bottom reflection plays a key role in the formation of the acoustic mirror image.
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Chapter 1

Introduction

1.1 Historical Background

Over the last 10 to 15 years the use of pulsed acoustic systems has begun to play
a key role in providing measurements in the field of sediment transport. Early contri-
butions were made by Urick [1948] on sound absorption in suspensions of clay-sized
particles, and by Flammer [1962] in suspensions of sand. The recent field measure-
ments have been carried out in several different environments, for the most part at
MHz frequencies. Experiments to detect sediment suspension in the deep ocean have
been carried out by Libicki et al. [1989], and Lynch et al. [1951] as a part, of HEBBLE
(High Energy Benthic Boundary Layer Experiment). Measurements on the continen-
_tal shelf and slope include those by Orr and Hess [1978], Vincent et al. [1982], Orr

and Grant [1982]. Hay {1983] has measured acoustic backscatter from mine-tailing



discharge in a [jord environment. Many cfforts have been made in the nearshore zone
[Young et al., 1982; Hanes el al., 1988; Vincent and Green, 1990; Thorne et al., 1991;
Vinecent el al., 1991]. Recently Hay and Sheng [1992] employed a multifrequency
backscatter system to overcome the size/frequency ambiguity, encountered with sin-
gle frequency methods, which enabled simultaneous determination of particle size and
concentration profiles in an active nearshore environment.

The use of acoustics in this application is motivated by the non-intrusive nature
of the measurement and the lack of interaction with the flow field near the bed.
Moreover, the soundspeed in water (of order 1500 m/s) provides excellent temporal
resolution and allows range-gated measurements for profiling of suspended sediment
at centimetre scales. The problem, however, is inverting the backscattered signals to

determine suspended sediment concentration.

1.2 Thesis Objective

Illustrated in Figure 1.1 is a representative false colour plot of acoustic data ac-
quired during the October 1987 deployment of RASTRAN (Remote Acoustic Sedi-
ment TRANSport) System 1 at Queensland Beach, Nova Scotia. The vertical axis
on the acoustic data represents range in metres from a downward-looking acoustic
sounder, and the horizontal axis is time, in minutes. Colour variations in these plots

represent variations in received signal. The colour palette at the base of Figure 1.1
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Figure 1.1: False colour plot of acoustic data obtained during the October 1987
RASTRAN deployment at Queensland Beach, Nova Scotia, illustrating the presence
of mirrored acoustic backscatter data. Significant suspension events and acoustic
mirroring occur near 2, 3.3, and 5 minutes into the run.



maps the recorded output signals of the acoustic sounder to ranges in millivolis. The
strongest signal is the main echo from the seabed at approximately 1.55 m range.
Above the bottom echo are backscatter signals due to particles in suspension. Signif-
icant snspension events occur near 2.0, 3.3, and 5.0 minutes. At ranges beyond the
bettom echo are signals which mirror the backscatter signals during these events. One
ntight argie that the mirror images are an artifact of backscatter from suspended sed-
iments detected by the transcducer sidelobes. This seems quite unlikely. The strongest
sidelobe signals would presumably be from the bottom reflection. If important, they
wotld resilt in a much lengthened bottom return which would then completely mask
the mirror signals in the Figure. Some other explanation is required.

The objective of this thesis is to understand the origin and nature of these acoustic
mirror images. The mirror images are hypothesised to be the result of multiple in-
teraction of the incident acoustic wave with the seabed and the suspended sediment.
Specifically, it is supposed that the bottom reflected wave is backscattered from sus-
pended sediment near the bottom, and this backscattered wave is subsequently re-
reflected from the bottom to the transceiver. To check the validity of this hypcthesis
an inversion algorithm based on this idea is devised to convert raw acoustic data
into suspended sediment concentration, and these results are compared to estimates

obtained using multifrequency backscatter and optical backscatter methods.



1.3 Thesis Outline

The thesis is organised as follows: Chapter 2 presents the theory required for
scattering of aconstic waves from particles in suspension, acoustic reflection from an
irregular surface, and the model used for determining the attennation due to seatter-
ing. Chapter 3 describes the field site, - he data acquisition system, and the scheme
for inverting acoustic data to sediment concentration based on the liypothesis of see-
tion 1.2. Chapter 4 describes data analysis procedures, and provides the basis for an
error estimation of the final concentration results. Results from the inversion scheme
on two data runs collected during autumn storms at Stanhope Lane Beach, Prince
Edward Island, are provided in Chapter 5. Chapter 6 supplements the discussion in

Chapter 2 on the bottom reflection coefficient. Clonclusions are in Chapter 7.



Chapter 2

Theory

In this chapter an expression is obtained for the scattered re-reflected bottom
wave, which is later used to obtain estimates of the suspended sediment concentration
within 5 cm above the seabed. The two major components of the theory involve
acoustic scatlering from particles suspended in water, and acoustic reflection from
the seabed.

Section 2.1 briefly presents the acoustic pressure scattered by a single particle and
from an ensemble of particles in suspension. Discussion of the monostatic geometry
used to interpret the post-bottom echo, or mirror signal, follow< in Section 2.2. Sec-
tion 2.3 presents the nature of acoustic reflection from a sandy seabed, and whether it
can be treated as specular or diffuse in the megahertz frequency range. Derivation of
the mirror signal pressure, follows in Section 2.4, Section 2.5 presents the derivation

of the equation which forms the basis of this thesis. The discussion concludes with a



brief summary of the estimation of the attenuation cocflicient due to scattering.

2.1 Scattering from an Ensemble of Particles

[llustrated in Figure 2.1 is the geometry for a pulsed monostatic aconstic system,
which is to be used in the analysis. Monostatic simiply micans that the same transducer
is used to transmit and receive aconstic energy. The analysis is conducted for ranges
r greater than the critical range, r., which defines the beginning of the farfield region
of the transducer, given by r, = rad/) [Clay and Medwin, 1977, pI55] where ag is
the radius of the transducer and A is the wavelength. The transmitted incident wave

may then be considered spherical and is expressed as,

Pal's

pi= AD(ﬂ)—r—e""” (2.1)

In Equation 2.1 the harmonic space and time dependence et =+ i yuderstood.
A is a system sensitivity constant, D (f3) is the transducer’s directivily (a measnre of
its ability to transmit and receive acoustic energy as a function of the angle fi from
the acoustic axis), p. is the pressure at reference distance r, (both are constants),
o is the attenuation coefficient due to viscous absorption by pure water and due to
chemical relaxation, assumed to be uniform along all paths, and » is the distance from
the transducer’s centre. The ap is calculated using the expressions given by Fisher
" and Simmons [1977).

For an ideal circular piston transducer of radius aq, the farfield directivity D (f)
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Figure 2.1: Backscattering geometry for a monostatic system (From Hay and Sheng,
1992).



is [Clay and Medwin, 1977, p1d4],

o o1 (keagsin 3) oL
D(#) =2 (keagsin f3) (2:2)

where .J; is the cylindrical Bessel function of order 1. and k. = 27 /\ is the compression
wavenumber of the propagation medium.

Consider now the backscattered pressure, p,, received from a spherical scatterer
at distance »' from the transducer and angle 3’ from the acoustic axis. This pressure

is given by,

plo' = () [z let]] -

2r!
where a is the radius of the particle, and [ (a, ) is the backscattering form factor of
that particle [Neubauer et al., 1974]. For a monostatic geometry r = ' and g = ¢,

thus, substituting p; into Equation 2.3 the backscattered pressure hecomes,

. (r) = AD? () B2 [afw (M)] (2.)

r? 2
The scattering of acoustic waves by an ensemble of scatterers is discussed in Morse
and Ingard [1968, Sect. 8.2]. Backscattering measurements nsing ultrasonic pnlsed
acoustic systems in volumes containing randomly distributed scatterers have heen
made by Sigelmann and Reid [1973], and Shung et al. [1976]. For an ensemble
of suspended particles insonified by a transmitted pulse, the ensemble mean-square

scattered pressure in the absence of multiple scattering can he written as

])3(1')://‘//[/000 Npaip;;n(a)da| dV (2.5)
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where N is the particle number density, n(a) is the size spectral density, V the
detected volume, p,; is the pressure scattered by the j** particle, and the asterisk

denotes the complex conjugate. The particle number density is related to the mass

concentration, M, via the relation,
4 00
M = Np:)qn'./ a*n(a)da (2.6)
3 Jo
where pj is the particle’s c'Iensity. In spherical coordinates,
dV =" sin 3 dr'dpdd. (2.7)

For a transmitted pulse of duration 7, the detected volume at range r is a spherical

shell segment of thickness ¢7/2 and angular extent 2/, and is given by,
r+E B
V(r) = 27r/ / 12 sin AdBdr’ : (2.8)
r—""—' 0

where r+ < are the far and near boundaries of the pulse as illustrated in Figure 2.1.
The angle /3, is chosen to be the angle at which the contribution to the received scat-
tered pressure becomes negligible. Typically, By is the angle at which the directivity
falls 3 dB below the peak value of the main lobe. For the RASTRAN system fy is
nominally 2° [Hay, 1991]. |

Substituting Equations 2.4, 2.6, and 2.7 into 2.5, p? becomes,

. 3 s o exp{-4JT adr" ‘
pi(r) = geAzpfr,an2 {/’:_t_: { = }dr' (2.9)
4
where a is the total linear attenuation coefficient,
Bo
w=[" D*(#)sin f'dp’ (2.10)
0

10



2 _ JJo @ | feo(m.a) |* n(a)da ‘
= { o a*n(a)da ' (2.11)
and
M
= 2,12
‘ Po ( )

is the volume concentration. Performing the necessary integration over 1 in Equa-

tion 2.9,

< 3 g arper [sinh(Y ertror=dlg s dr
where
C = c"'((1'0 + (Y,). (2. I’])

The total attenuation coefficient has been split into two components: ey is as de-
scribed earlier; a, is the attenuation coefficient due to scattering from suspended
particles along the acoustic path and depends on the acoustic frequency and the size

and concentration of the suspended sediment. More is said about v, later. The term

sinh ¢ 915
() 19

accounts for attenuation across the transmitted pulse, as discussed in Sigelmann and

Reid {1973] and Hay [1991].
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2.2 The Acoustic Mirror Image

Consider the two paths to a particle at height 2¢ above the seabed illustrated in
Figure 2.2, The first path di'rected along r is the direct arrival from the transducer
located at height /{ above the bottom. Assume for now that the second path directed
along r and 7y is from a specular reflection from the seabed, where specular refers
to the angle of incidence equaling the angle of reflection. The assumption of specular
reflection is addressed in the next section. It is important to note that the angles g
and ' are greatly exaggerated in Figure 2.2, as neither of these angles ever exceed
fo (2° in the RASTRAN system). Arrival times of transmitted pulses to the particle
along these paths are calculated below relative to the time of transmission.

The first detected arrival is from the direct backscatter, whose raypath lies directly

between the transducer and the particle. The arrival time of this echo is therefore,

_ 7 _g H—Zo .
b —2(2) T ¢ ( cos 3 ) (2.16)

The second arrival is from the direct bottom echo, at vertical distance H from the

transducer face. The arrival time of this echo is,

H
Lhottom = 2 (\—) . (2.17)

C

In practice the bottom echo is often strong enough to saturate the receiving electronics
" and yields the strongest signal visiblein the RASTRAN colour plots (typically bottom

signals are in excess of 400 mV). The direct bottom echo is utilised only to define

12



Figure 2.2: Direct, and alternate acoustic path to a particle by a bottom interaction.



the range to bottom. The third signal received is the specular re-reflected scattered
wave, and involves two interactions with the bottom, via raypaths labelled r; and ry

in Figure 2.2. The travel time along these raypaths is,

2
t-z = —C'(T‘| + 7'-2) (218)
or,
ty = ~ ( — ) . (2.19)

Now consider the difference between ¢, and ¢, relative to the bottom arrival, tyoi0m -

First,
2 H - 20 a
Lbottom — L1 = ‘E (H - COSﬂ' ) (220)
then,
ty = Liottom = "2" (H+-70 —H) . (221)
c\ cosf

For small 3 and /' the cosines are approximately unity and therefore,
Loottom — tl = ty — Lhottom- (2'22)

Relation 2.22 shows that the arrival from the direct backscatter, and the arrival of
the re-reflected backscatter, are equally displaced in time, and hence range, from the
direct bottom arrival.

It should be noted that another arrival to the transducer exists which follows
the path along r, r;, and towards the transducer along ». For narrow beam pulsed
acoustic systemns these arrivals, however, are indistinguishable from the direct bottom
arrival.
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2.3 Bottom Reflection

The detection system employs a cohierent, monochromatic transiitted pulse, The
received signals are envelope detected, so that phase information from pulse to pulse is
removed, and both coherent and incoherent waves contribute to the average detected
signal. The transmitted pulse is incident on an irregular surface comprised of natural,
irregular sand. The reflected wave will generally contain both coherent and incoherent
components. The relative magnitude of the coherent and incoherent components
depends upon the size of the surface roughness elements compared to the acoustic
wavelength and direction of the incident wave. Stated another way, irregularity is an
intrinsic property of the surface, but roughness is a relative property.

The degree of roughness is approximately assessed by using the Rayleigh erite-
rion [Rayleigh, 1945; Ogilvy, 1991]. Figure 2.3 shows two incident rays, initially in
phase, reflecting from an irregular surface. The phase difference, ¢, between the two

secondary wavelets in the plane of incidence upon reflection is
@ = k. [Ah(cos 0, + cos O;) + Az(sinb, — sin 4,)] : (2.233)

where Ah = hy — h; is the difference in surface height, Az = =, - -, is the horizontal
separation of the rays, 8, is the incident angle, and 8; is the reflected angle. Both
of these angles are measured from the normal of a suitable reference plane. The
Rayleigh criterion states that for ¢ < 7/2 the two reflected waves are mostly in phase
and interfere constructively, thus the surface appears smooth. For 7/2 < ¢ < 7 the

15



Figure 2.3: Geometry for definition of the Rayleigh criterion, adapted from Ogilvy
(1991].

16



two reflected waves are mostly out of phase and interfere destructively, so the surface
appears rough,

Surfaces that are generally irregular (Ah # 0) may or may not reflect the incident
energy as though they are rough. In the specular direction (¢, = 0,), the phase

between the reflected waves is given by,
@ = 2k.Ahcosd,. (2.24)

If this is small compared to 7 for all points on the surface, the surface will appear
as though it is mostly smooth. When this value is no longer small compared to =
the amplitude in the specular direction will decrease. In the non-specular directions
(diffuse) the phase difference between the two reflected rays is given by Equation 2.23.
The phase of this energy is generally distributed over 0-2r as 0, varies, and has no
fixed relationship with the phase of the incident field. The diffuse compounent is called

the incoherent field. A summary of these statements is presented in Table 2.1.

Specular Diffuse
6, = 0, 0, # 0,
Smooth p=0 None
Ah=0 coherent
Irregular ¢ = 2k.Ahcos 6, v = k.Ah(cos @, + cos ;)
Ah#0 +k.Az(sin by — sin 8y)
coherent & incoherent incoherent

Table 2.1: Summary of terminology, and phase relationships based on Equation 2.23
for the two reflected rays depicted in Figure 2.3.

For randomly irregular surfaces Ah is replaced with the rms surface height o with
respect to some mean plane of reference. In analogy to Equation 2.24, for a surface

17



to be considered relatively smooth in the specular direction requires that,
T
R, = k.ocosl, < 1 (=0.78) (2.25)

where R, is called the Rayleigh parameter. The choice of R, < m/4 is somewhat
arbitrary but does represent the essential physics of the problem. From the Rayleigh
parameter the reflection will be niore specular if 6, approaches grazing incidence
(01 — 7/2), or k.o becomes small (long wavelength liinit). Otlerwise, the surface
appears as though rough and the reflection becomes dominantly diffuse. To estimate
R, an estimate for the value of ¢ is required.

Direct surface ieasurements of o for sand beds have not been made. Pace et al.
[1985) conducted experiments using acoustic beams normally incident on a surface
composed of natural smooth cobble. The value of o (1.8 mnm) measured by Pace et
al. for this surface was approximately equal to the halfwidth (2 mm) of the cobble
size distribution. This result can be understood as follows. Consider a vertical stack
of a fixed number of particles. If the particles are all the same size, then the height
of the stack will always be the same. If however, a distribution of sizes exist, then
building the stack by randomly choosing particles from the distribution will result in a
distribution of possible heights. The width of this height distribution is proportional
to the width of the size distribution. To make this clear, the simple case of two
particle sizes is considered. An idealised bed is made of stacked planes of spherical

particles, One hundred layers were stacked, and this experiment was repeated 1000

18



times. Histograms of the height of the resulting heights, with the mean removed, are
shown in Figures 2.4(a) and (b). Particles of similar size (55 and 1 unit) were nsed
to generate Figure 2.4(a), while particles with a greater size difference (1 and 1 unit)
were used to generate Figure 2.4(b).

The dependence of the surface height distribution on the width of the size dis-
tribution is demonstrated by Figure 2.4. For a narrow range of particle sizes in
Figure 2.4(a) the surface height distribution is likewise 1:arrow. Similarly, when the
range of particle sizes is broader so is the distribution of surface heights. The sur-
face height distributions of the top layer of particles in Figure 2.4 closely reseimbles a
Gaussian distribution. (Note that in the model, the probability of obtaining a given
height is governed by the binomial distribution, the limiting form of which for a large
number of trials is the Gaussian distribution [Morse, p158, 1969].) Pace ¢t al. remark
that their measured surface height cistribution was in poor agreement with the Gans-
sian distribution, however the acoustic results seemed insensitive to this discrepancy.
Thus it is apparent that the necessity for Gaussian surface statistics can be relaxed.

The fullwidth of the size distribution for Stanhope Beach sand is 70um [Hay and
Sheng, 1992; Sheng, 1991], therefore following Pace et al., ¢ ~ 35um. For normal
incidence 8, = 0, and the resulting Rayleigh parameters are 0.33 and 0.76 for 2.25 and
5 MHz, respectively. Thus, the seabed appears moderately rough at both frequencies,
but less so at 2.25 MHz.

An often employed formalism in the theory of rough surface reflection is that of the

19



300 v = v y v ¥ v +
(@)
250} 4

200+ i ]

150 .

Number of occurrences

sof : -

|

-0 8 6 <4 2 0 2 4 6 8 10

Relative height from mean [units]

300

(b)

2501 ' T

200} -

150+ .

Number of occurrences

50 b

N s I A1 =

-10 -8 6 4 -2 0 2 4 6 8 10

Relative height from mean [units]

Figure 2.4: Modelled surface height distributions (mean removed) of the 100** stacked
layer using particle sizes: (a) & and 1 units, and (b) 1 and 1 units,
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Helmholtz-Kirchhoff (H-K) integral. Thorne and Pace [1984) and Pace ¢t al. [1985)
have validated the H-K theory, using the second order phase approximation of Clay
and Medwin [1977, p505]. As found in Pace et al. [1985], the total ensemble averaged
reflected intensity, (/) for normal iucidence backscatter, is given by

R*G? D* 9

D= i 5P

+ (Iincoh,)- (2~2(i)

The first term on the right-hand side of Equation 2.26 is the contribution to the co-
herent reflected field. ([incon.) is the contribution to the incoherent reflected field, and
is discussed below. R is the reflection coefficient, p, is the deusity of the propagatiou
medium, ¢ is the soundspeed in water, G* = 2p,cl,r? is a source term where [, is the
sound inteusity at range r., aud g¢ is called the roughness parameter, discussed next,

The roughness parameter is related to the Rayleigh parameter, and for normal

incidence and specular reflection is expressed as
g = 4kia%, (2.27)

Large and small g correspond to rough and smooth surfaces respectively, and surfaces
with g ~ O(1) are considered moderately rough. Equation 2.26 demonstrates the
(exponential) decrease in the amplitude of the colierent field as g increases, as energy
is transferred to the incoherent component of the field. The behaviour of the reflection
as a function of increasing g is sketched in Figure 2.5. Using the above value for o,
the corresponding values of g at frequencies 2.25 and 5 MHz for Stanhope Beach are
approximately 0.5 and 22 Both are of order unity, signifying a moderately rough
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Figure 2.5: Shown are polar plots of the mirrored incident beam pattern for (a) a
. relatively smooth surface ¢ < I, (b) a moderately rough surface g ~ 1, and (c). 2
very rough surface g > 1.
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surface.

Estimates of relative contributions to the incoherent and coherent ficld at 2.25 and
5 MHz are sought. Figure 2.6 illustrates the general problem. A specular raypath
is denoted by the solid line. The dashed line shows a possible non-specular path
for the transmitted pulse, and the dotted line shows a possible non-specular path
for the scattered wave. In general, all possible combinations of incident. and return
non-specular raypaths must be accounted for.

From Pace et al. the contribution to the incoherent field reflected in the specular

direction reduces for normal incidence to,

R'I (") W'l T2
([incoh.) sl (

= 16 pyc H? <2 4ﬂ)fﬂ”AWAJ) (2.28)
0

where T is the surface autocorrelation length, anda W =~ Htan(flp) is the beam

halfwidth at range H. The function A(g,s,T) is given by,

n~l |
AMg,s,T)=)_ gn! T (2.29)

n=l

and is closely related to the confluent hypergeometric class of functions, specifically

the incomplete gamma function [Abramowitz and Stegun, 1965, p262]. The quantity

11 wrrr/1 1\?
_1 TR (1 2.30
’ 2(W2+ i (H+%)) (2:30)

which for z, < H and the frequencies considered here (MHz) reduces to,

8 is given by,

K2 W?

8~ .
2
8 2]

(2.31)
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Figure 2.6: Geometry for specular (—) and non-specular (- - -) raypaths from the
transducer to suspended sediment when the reflecting surface is rough. (-:---- ) shows
a non-specular scattered raypath.
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The ratio of incoherent to coherent contributions is then,

liuco L. VV2 . ) '
(__<, ")) = 25 (K o T A(g,,T) (2.32)
coll. -vo

where g = 4k?0? and D? ~ 1 have been used. Equation 2.32 shows the relative
contribution to the incoherent field decreasing as one moves farther [rom the bottom
(increasing z,), and as tlu.a rms surface height o decreases.

The cobble surface investigated by Pace et al. had a mean particle radius of
a@ =041 cm, T = 0.33 cm, and o = 0.18 cm. For their surface, therefore, T ~ 20.
Following this scaling for Stanhope Beach sand, T ~ 70um. For both frequencies,
W =~ 4 em. At height 3 cm above the bottom (z, = 3 cm) values for sT? are 0.11
and 0.54, for 2.25 and 5 MHz, respectively. Using the above values for g, values of A
are 1.0 and 1.4, for 2.25 and 5 MHz, respectively. Note that for these parameters, A
displays weak dependence on frequency, and is of order unity. The ratio of incoherent
to coherent reflected intensities estimated from Equation 2.32 are 0.05 and 1.6, for
2.25 MHz and 5 MHz, respectively. This calculation indicates that the incoherent,
component may play the dominant role at 5 MHz.

The H-K theory, however, requires that surfaces have small slopes, and large radii
of curvature relative to the insonifying wavelength. This is manifest in the expression
for the diffuse field as the surface autocorrelation length, T'. For the H-K theory to

be valid, the condition

4r [(T? o
u (Z) > 1 (2.33)
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must be satisfied [Beckmann and Spizzichino, 1987, p193]. (The values for the left-
hand side of Equation 2.33 for Pace et al. are 6.3 and 25.2 for their choice of fre-
quencies.) Using T = 0.8@, and T = 1.8¢ from Pace et al., Equation 2.33 reduces to
kei > 0.7. This condition is not satisfied since for the Stanhope Beach measurements
k.~ O(1) (approximately 0.8 and 1.7, at 2.25 and 5 MHz, respectively). Moreover,
since natural sand is irregular compared to smooth cobble it is likely that T is even
smaller for sand relative to @.

It is concluded that the H-K theory may not be directly applicable to the present
problem. Nevertheless, it does serve to illustrate the important point that the inco-
herent component of the reflected intensity increases in importance as one approaches
the surface, aud that it is probably much less important at 2.25 MHz.

Thus far only reflection in the specular direction has been considered. In general,
reflection from non-specular directions must be included to obtain the total reflected
intensity at height z, (Figure 2.6). Furthermore, the intensity received at the trans-
ducer from the wave backscattered from a particle at height z, and re-reflected from
the bottom (Figure 2.6), would in general aiso include non-specular raypaths (Fig-
ure 2.6). Including such rays in the problem would require knowledge of the angular
dependence of scattering from sand particles. The angular dependence of scatter-
ing from irregular particles for 0.5 < & < 14 has been considered for the optical
case [Chylek et al., 1976], the angular dependence of sound scattering from sand in

suspension is however not known.
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To simplify the problem, only specular reflection will be considered. Furthermore,
as both the incoherent and coherent components are proportional to the same re-
flection coefficient, R (Equations 2.26 and 2.28), the problem will be formulated in
terms of a coherent incident wave. The validity of the approach will be tested by
comparing suspended sediment concentrations obtained based on this assumption to

concentrations obtained by other methods.
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2.4 Pressure from the Mirror Signal

The pressure, p!, received at the transducer from a single particle, following the
specularly reflected paths ry and r; in Figure 2.2, is now derived. The vertical distance
to the sea-hottom is H. First consider the incident pressure, p}, felt by the particle
via the specular bottom reflection. The total distance traveled by a transmitted pulse
to the particle is 7, + r,, and the attenuation integrals are treated separately over the

paths r; and ry, thus,

H
r_ Dal’n _ s B g cos f
po= RAD(/J)—(T1 T2 exp{ ./o ad /co: a dr }

. H H .
= RAD(/J)-(-E% exp {—/.. a dr' —/r o dr'} (2.34)

using the small angle approximation for cosines. R is the specular reflection coef-
ficient, assuimed independent of f (for small §). The incident pressure, p}, is then
backscattered from the particle thus returning to the transducer by retracing the

incident path. Analogous to Equation 2.3, the received scattered pressure is written,

s(r) = Ryl D(B) [g{f:’(—:;’:—ﬂ exp{— ( [faa'+ ["a dr’)} L (2.35)

Substituting p} into pl(r),
! — 2 ? J afoo(a,w) - T ’ H ! 9 0
P,(ro) = AD*(B)R*p.r. [——-————-—21'3 ] exp{ 2 (/0 adr’ + 2/r adr (2.36)

where
'y = 7'1 + r (2'37)
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which is the total path length, and for small 3

/oHa dr' = /or ad'+ /rH o dr'. (2.38)

The motivation for Equation 2.38 is to separate the total attenuation into regions

above and below the range of interest, r. Forming the product p/, - p*, the mean

th

square scattered pressure from the j** particle, p%(ro) is,

2 2 r H
pﬁ(ro) = A2D4(/3)R4p31'3 [a | f(a,7) | ] exp{—4 (/ adr' + 2/ « dr')} .
0 r

4
4rg

(2.39)
[n complete analogy to the derivation of Equation 2.9, substituting Equations 2.6,
2.7, and 2,39 into 2.5, the ensemble mean square scattered pressure from the mirror

echo, p(ro) is,

1. 3 2 4 poe fripP ro+d 1 " d 4 H N ar ¢
p,(70)=§A her_r,/r A 77 SXP ~4 /oa T +2/r. adr')pdry (2.40)

o—A T

where

CcT

a=% (241)

and £ and F’are as previously defined.
The integration over the transmitted pulse in Equation 2.40 must now be per-

formed. Define this integral to be the function L(ro),

ro+4 r H )
L(r) = /ﬂ:A -%.iexp{-4 (/o ad'+ 2/,- a dr’) } drg. (2.42)
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Substituting g = r§ — 1o, we have,

A 1 2H—rg—1 ;o H ,
L(re) =[.A(q+—ro)'iexl){_4(/o adr +2/2H_ro_nadr)}dn

~1 [ ([T e[ a')Vay (243
—;g —Aexp - -/0 o /;H—ro—na ' 1 (.')

by using n < 1. After some manipulation of the integrations over 7 in Equation 2.43,

L(ry) becomes,
| 2H -7 ' H '
L(rg) = 77 ©XP —4 /0 oy dr' +2 or dr' = roag
A
X / 5 oxp{=4(co + as)n} dy (2.44)

where o has been separated into its constituent parts, ap and a,. The integration

over 7 yields,

cr (sinh( .
o (s e

which illustrates the origin of 2.15 in Section 2.1. Finally, substituting 2.44, 2.45, and
ro~ 2H —r (2.46)

the mean square scattered pressure for the mirror signal becomes,

Ap) = .:.}. 2 2.2 2CT sinh ¢ e~4(2H-r)ao
p.(r) = 8.4 RikeF?pir? 5 ( : -

X exp{—4 (/Or a, dr'+2/;H a, dr')}. (247)
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2.5 Ratio of p!’ to p’

The ratio of the mirror echo to the direct backscatter, pf /P2, eliminates the com-
mon terms involving the backscattering forin-factor, beam directivity, and system
sensitivity constant.

Explicitly, the ratio of Equation 2.47 to Equation 2.13 reduces to,

i H ,.'2
%2. =R "exp{—s ((H —ag + [ a, dr') } CH= (2.48)

RASTRAN utilises a time variable gain (TVG), which corrects for attenuation
caused by the ambient fluid, e, and the loss due to spherical spreading. As a result
the (—2-,7'?_7), term and the term involving ag may be dropped from Equation 2.48, and

what remains is,

%}((71)) = R%exp {—8 /rH o, () dr'} (2.49)

Equation 2.49 is the basis for the inversion algorithn: to convert acoustic signals to
estimates of suspended sediment concentration near the sea bed.

There are several important features of the result in Equation 2.49. First, the
integrated attenuation is due only to scattering between the range r and the bot-
tom. Second, the result is independent of the backscatter form factor, fo(«, 7), the
projected beam’s directivity, D(f), and the system constant, A. Finzlly, the result
depends on R

The exponential term in Equation 2.49 contains a,, which depends on acoustic

frequency, mass concentration, and particle size. Provided the particle size is known
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the function a, provides the only connection between measured acoustic pressures on
the left-hand side of Equation 2,49, and the mass concentration. For NV uniformly

sized particles per unit volunre,

N,
2

(2.50)

Qg =

where &, is the total scattering cross section for a single particie [Morse and Ingard,
1968, pd26].

Sheng and Hay [1988] have constructed a model for the attenuation coefficient o
based on the High-pass model of Johnson [1977]. The model is a rational polynomial
that represents the overall shape of the data, and has the shape characteristic of a

high-pass filter, hence its name. The High-pass model is written,

acy, Kozt

e [+ $Kaxt 4 £2?

(2.51)

where K, = (v§+72/3)/6 and -y, and -, ar: the compressibility and density contrasts
between the scatterer and the ambient fluid respectively, and x = k.a. € is an
adjustable constant > 1. For quartzlike sand, £ = 1 is chosen to provide a better
fit to experimental data at intermediate values of x, and the compressibility and
density contrasts are v, = —0.93 and v, = 0.77 respectively, therefore K, = 0.18.
Equation 2.51 was shown by Sheng and Hay [1988] to give good agreement with
experimental attenuation data over the range 0 < z < 25, and has been recently
‘employed by other investigators [Thorne et al., 1990; Vincent et al., 1991)]. For the

range of particle sizes at Stanhope Beach values of aa,/e¢ at 5 MHz are roughly 5 to
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8 times larger than at 2.25 MHz.
Using Equation 2.12 the mass concentration, A, is expressed in terms of the

High-pass model,

[ ERet

W Po @ Oy, (2.02)
o0

M

for particles of uniform size. In the inversion scheme presented in the next chapter,
uniform particle size is assumed to simplify the analysis. The effeet of this assumption

on the results is tested in Chapter 5.
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Chapter 3

Inversion

This chapter presents the inversion scheme which permits suspended sediment
concentration to be inferred from measured acoustic pressures. The left-hand side
of Equation 2.49 is known completely, and the right-hand side contains the two un-
knowns, @ and M, particle size and concentration respectively, through the use of

Equation 2.52. Given a particle size, a, then M can be determined from Equa-

tion 2.49.

3.1 Description of Field Site and Data

The data analysed in this thesis are from a nearshore sediment transport experi-
ment carried ont at Stanhope Lane Beach in October-November 1989. Other results

from this experiment have been presented elsewhere [van Hardenberg et al. 1991;
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Hay and Sheng, 1992]. Stanhope Lane Beach is located on the central north coast of
Prince Edward [sland, and faces approximately north into the Gull of St. Lawrence.
The beach is characterised by a nearly continuous shelving sandy beach over a sand-
stone pebble pavement of variable width. Well sorted quartz sand with median grain
sizes ranging between 0.16-0.30 mm comprise the beach material, and as one moves
seaward from the beachface towards nearshore submerged baas, the median grain size
decreases.

Three major bars, parallel to the shore, are shown in Figure 3.1 at 100 m, 200 m,
and 380 m from the baseline. The RASTRAN instrument frame was deployed on the
seaward face of the second sand bar, as illustrated in this Figure. The median grain
size at this location is 170 pm.

Sediment characteristics relevant to the present problem include grain density,
ph, and particle size. Sand at Stanhope Lane Beach is mainly quartz, which has a
bulk grain density of 2.65 g/cm® [Clarke, 1966). Natural sediments generally follow
a log-normal size distribution [Hatch and Choate, 1929; Einstein 1950; Cliow, 1954;

Flammer, 1962], where the analytic expression for the log-normal size distribution is,

- 2
(lne - Ina,) ]‘ ()

1 1
n(a) = —=—— —exp [-— —
vir Ina, a 2Ina,
where a, and o, are particle geometric mean radius and geometric standard deviation,
respectively. For Stanhope Beach, a¢, = 79um and o, = 1.25 provide a good fit to

the data, as illustrated in Figure 3.2 from Sheng [1991].
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Figure 3.1: (a) Beach profile at Stanhope Lane, Prince Edward Island. (b) The
deployment location of the RASTRAN system, showing RASTRAN frame, with no

vertical exaggeration. \from Sheng, 1991)
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Figure 3.2: The log-normal size distribution for Stanhope Lane Beach sand.
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The positioning of instruments on the RASTRAN frame is shown in plan and end
view in Figure 3.3. A cluster of three acoustic sounders operating at the frequencies
1, 2.25, and 5 MHz respectively, and a fourth sounder operating at 2.25 MHz located
a distance of 1.45 m shoreward from the cluster, are mounted approximately | metre
above the seabed. The three clustered transceivers are referred to as channels 1A, 2B,
and 5C, and the shoreward transducer is designated as channel 2D. Connections to the
shore-based data acquisition system are via armonred cables. Other instruments on
the scaward end of the frame include: a 3 element vertical array of optical backscatter
sensors (QOBS) located at nominal heights of 5, 10, and 15 cm respectively above the
seabed, and three Marsh- McBirney electromagnetic flowmeters to measure on- off-
shore current at nominal heights of 20, 50, and 100 c¢m respectively above the seabed.
On the shoreward end of the frame, the same number of OBS’s and one flowmeter
were fastened similarly. All data from non-acoustic instruments were recorded on the
Dalliousie University UDATS (Underwater Digitization and Transmission System)

system [Hazen et al., 1987].

3.2 The RASTRAN System

A comprehensive description of the RASTRAN system is provided elsewhere [Hay,
et al., 1988], and only a summary is given here. Acoustic pulses of 20 us duration, are

transmitted at 10 ms intervals into the water column simultaneously by individual
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Figure 3.3: Instrument frame configuration for the 1989 field experiment at Stanhope
Lane Beach. (a) Plan view. (b) End view, looking shoreward. Distances are in

metres. (from Sheng, 1991)
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Mesotech 810 submersible narrowband acoustic sounders, operating at the centre fre-
quencies listed above. A summary of the transducer characteristics for each frequency

of operation is provided in Table 3.1.

Freq. [MHz] | a, [em] | 7. [em] | fo [deg.]
1.00 1.09 25.2 2.00
2.2 0.47 10.6 2.05
5.00 0.24 6.1 1.85

Table 3.1: a, is the radius of the transducer. r. is the farfield critical range. f, is the
halfl beamwidth chosen at the -3 dB points of the beam’s main lobe.

Received echoes are then TVG corrected and heterodyned down to a centre frequency
of 455 kHz. The heterodyned signal is full-wave rectified and low-pass filtered in an
envelope detector. It is noteworthy in the present context that this detection method
remnoves phase information, so that both the coherent and incoherent components of
the signal are detected. Analogue to digital conversion is then performed at a sam-
pling rate of 200 kHz, and 5 consecutive samples are averaged. The information is
therefore averaged over 25 pus in the data acquisition software, and assuming a sound-
speed in water of 1500 m/s, the vertical resolution for a range bin is approximately
1.85 em. The results of 4 consecutive pings are then ensemble averaged and stored
at a rate of 6.6 Hz.

RASTRAN data files also contain information from OBS instruments, and flowme-
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ters. Typical field ruus lasted 6.5 minutes and result in files of ronghly 1.2 megabytes,
An example of RASTRAN data obtained during the 1989 deployment at Stanhope
Beach exhibiting the acoustic mirror is presented in Figure 3.4, The etfects of acous-
tic mirroring are seen in this figure during two main snspension events centrod at
approximately 0.3 and 4.5 minutes, respectively, and are strongly correlated with the
OBS and flowmeter observations at the top of this figure.

The naming convention for the RASTRAN files is as follows: the first three mnn-
bers represent the Julian day when the data was collected, and the three digit, exten-
sion represents the sequential data run collected on that day. Thus 300.030 means

this data was the thirtieth (030) run collected on Julian Day 300 (Oct. 27) 1984,
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3.3 The Inversion Scheme

This section presents the inversion algorithm that permits suspended sediment
concentration to be computed from single frequency acoustic data. Although the
algorithm depends on reflection from the seabed, it is shown that the final result is
independent of the bottom reflection coeflicient withont approximation. The method
described below is referred to henceforth as the reflection method.

Let the variable = be the height above the bottom using the coordinate transfor-
mation, z = H — r, where 7 is the range from the transducer, and [ is the range to
bottom from the transducer. Equation 2.49 of Section 2.5 can be rewritten in terms

of these coordinates as,

.’;—g-((z—)) =R Yexp {-—8/: (2') (l::'} . (3.2)

t2

The pressure from the mirror echo, / (2), is physically due to interaction with
particles a distance z above the bottom, but will appear visually in the displayed data
a distance = below the main bottom echo. A calibration factor, 5, relates received

acoustic pressure and recorded voltage, v, linearly by,
v(z) = Sps(z) (3.3)

permitting Equation 3.2 to be written in terms of recorded voltages,

v"(2)

o7a) R *exp {—8 /: a,(z) dz'} . (3.4)
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Each range bin contains one voltage which is the bin average applied to the centre
of the bin. To reflect the discrete nature f the data, replace = by z,, where z, is
the distance from the (sediment) bottom to the centre of the N** range bin above
the hottom. For example, if the main bottom echo is in the 52nd range bin from
the transducer, then v(z,) corresponds to the voltage in range bin 50, and v'(z,)
corresponds to the voltage in range bin 54. Furthermore, these voltages are obtained
afler removing any background voltages from the total voltage. The background was
simply taken as the smallest signal in the time series for each range bin. In general,
if the bottom echo is in the 6 bin from the transducer, that requires data from the
i range bin where,

b— N forvy(zy)

b+ N for v (zy)
Figure 3.5 illustrates this. Equation 3.5 reveals a limitation of the inversion since
b+ N must be less than, or equal to, the number of range bins in a set. Thus, in the
above example,‘b = 52, aud the ratio on the left-hand side of Equation 3.4 cannot be
evaluated for more than 3 range bin widths from the bottom since in the Stanhope
experiment only 55 bins were stored.
Proceeding, Equation 3.4 is now written,
v,2

Y =R 4exp{—8/0=N a,(z') dz'} (3.6)

292
UN
2 2 . D . o . o
where v}, = v"(z,) and v} = v?*(z,) are used for convenience.. Since a, is required

to obtain the concentration, M, it is removed from the exponential in Equation 3.6
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by taking the logarithm of both sides. The equation is then,

1\ 2 2
In (v—’i) =lnR*~ 8/0 " a, d2. (3.7

Uy
To reduce variance in the final result a time—average of Equation 3.7, denoted by

{---), yiclds,
1 \?2 z
(In (P—”—> y=lR*- 8-/(; () dz’ (3.8)

Uy

where it is tacitly assumed that the bottom remains stationary with respect to the

transducer over the duration of the time-average so that,

(In R) =In R. (3.9)
Defining the quantity,
) 2
[, = (I (”—“) ) (3.10)
vN
Equation 3.8 becomes,
:H .
r, =InR“—8/0 (o) d? (3.11)

From Equation 3.11 and the definition of Ty, it follows that
Dy =R =8 [ (o) da (3.12)
0

provided N # 1, since I'; is not defined. Subtracting 3.11 from 3.12 removes all

dependence on the reflection coefficient and leaves the expression,

AT, =Ty, =Ty =8 [ (a)ds" (3.13)
“N—1
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The integral on the right-hand side of Equation 3.13 is between two adjacent
bin centres. When the integral is expressed as a sum over discrete data, cach bin

contributes half of its value to the sum, thus,

N N o
8 / (o) d' =82z 3 = () (3.14)
Nt i=N~-1"~

where Az is the width of a range bin, and a,,; is the attenuation due to seattering

in the it

bin above the bin containing the bottom echo. The sum on the right<hand
side of Equation 3.14 is recognised as being the average between the two adjacent bin
centres, and so the average is applied to the boundary between these bins. So it is

not confused with the time average we denote this average in space between the bin

centres by an overbar, and define it by,

N
1
(@), = 20 5l (13.15)
i=N-1
Using 3.14 and 3.15 Equation 3.13 is
= AT 3.16
oy = g8, 0w (3.16)

All of the quantities on the right-hand side of Equation 3.16 are known from
the acoustic data. The High-pass model of Chapter 2 can he re-expressed to give
suspended sediment concentration at the lower boundary of the N** bin in terms of

the scattering attenuation,

[+ @)

4
M K. (z) po (4}, (as),, (3.17)
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where (a), is the vertically averaged particle size at the lower edge of the Nt bin,

(#) = kc(a),, and use has been made of the approximation,

(| + §Kee* + 2%, (14§ Kafe)* + ()]

K.z ) = Ko (o) , (3.18)

(

which assumes that particle size for each height above bottom remains constant over
time. Qver the duration of each event this is likely to be true. To first order the size
profile should remain relatively stationary over the duration of the run.

Equations 3.16 and 3.17 enable the sediment mass concentration to be computed

npon assuming a value of (a) . Values of (a) , used in the inversion are from vertical

I

size profiles obtained from the multifrequency inversion of Stanhope Beach data [Hay

and Sheng, 1992]. In terms of AT,

— LK)+ (@) L {a),
M,y = Ko (x)? poSA:

AT,,. (3.19)

The result in Equation 3.19 does not depend on the reflection coefficient R. Also,
the inversion does not permit concentration estimates to be made in the first range
bin above the bottom, since T, is not defined. Moreover, the system utilises a 20 ps
pulse and averages over 25 pus intervals. Thus part of the bottom echo is placed into
an adjacent range bin above, or below, the range bin containing most of the bottom

echo. As the bottom echo is strong, this can contaminate values of T',, thence M,.
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Chapter 4

Data Processing

This chapter describes computer based methods employed to estimate mass con-
centrations using the model for the mirror-image eclio presented in the previous chap-
ter. All software described in this chapter are implemented in Fortran77, and com-
putations are carried ont on a RISC based MIPS/120-5 workstation.

There are two major file selection criteria for choosing data appropriate to the
objective of the t'hesis. The first criterion is that a file must clearly exhibit the mirror
effect. Files that met this criterion also show that wave groups incident upon the
beach were very well defined. The second criterion is that the main bottom echo
must clearly occupy one range bin in the RASTRAN colour plots (Note that this
does not exclude the possibility of signal leakage into adjacent bins). Moreover, the
range bin in which the bottom echo resides cannot change over the duration of a

suspension event.
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It was found that of the 3 frequency transceiver cluster data gathered, the 5
MHz transceiver met these criteria most frequently, and was closer to the bottom,
thus providing more range bins in the mirror echo. Data gathered by the shoreward
2.25 MUz transceiver (2D) are also of interest in this study since this transceiver
is in shallower water providing longer post-bottom echoes than the offshore cluster.
Farthermore, at 2.25 MHz the bottom reflection is expected to be more specular
than at 5 MHz, and both attenuation due to scattering and chemical absorption are

decreased.

4.1 General Processing Scheme

The treatment of the data is illustrated in Figure 4.1. Raw acoustic data in
binary format is first smoothed with a 7 set moving average, where a set is a block
of contiguous range bins as in Figure 3.5. Using a sampling rate of 6.6 Hz a 7 set
average translates to a 1.1 second average. This preliminary step is the same as the
multifrequency inversion (Sheng, 1991; llay and Sheng, 1992]. The 7 set smoothed files
are further smoothed with a 41 set, or approximately 6 second, moving average. The
motivation for further smoothing is to reduce the variance in time averaged ln(v:/v:,)
terms. This filters out the effects of individual surface waves (typical period 4-5 s)
0. the suspension.

The programs inv2D and inv5 (described in the next section) read the 2.25 and



RAW ACOUSTIC INVOFILES

DATA (size and concentration)
1& 6 second PROFILE.F
FILTER
INVS.F RAD FILES
INV2D.F -
Time series of’
i) N & v;v

i) Tw; ATy (N > 1)
ii) (a)y  (N>1)

o—

iv) My (N>1)

. Figure 4.1: Block diagram showing evolution of data from raw form to end results.



5 MHz chanmnels fromn the 41 set smoothed data, respectively, and require particle size
information. A program called profile, reads the size files from the multifrequency
inversion and averages the time series over the duration of the file, producing a file
containing an average particle size, and standard deviation, for the centre of each
range bin — these files are called rad files. Both inv2D and inv5 read rad files,
proceeding then to invert the acoustic data to obtain mass concentration. The output
of these inversion programs is a collection of ascii files ¢ utaining time series of the

inversion’s intermediate computations, and the final mass concentration time series.

4.2 Description of the Inversion Programs

Figure 4.2 shows a flow chart of the Fortran programs inv2D and inv5. Only
major points are discussed here. For the selected file, the required user inputs are:
the bottom bin number, b; the number of sets for block time averaging, 2, which
provides the (---) in Equation 3.8; and the name of the appropriate rad file. Since
the Mesotech 810 acoustic sounders utilise a factory preset TVG based on temperature
and salinity values differing from field values, field values of T and .S for a particular
RASTRAN data run must also be entered to permit a TVG correction.

The general procedure is to step through the file in contiguous blocks of @ sets
each. A value of Q = 20 sets produces two estimates of concentration over the filter

length. Averaging over fewer sets is not meaningful. For each block, a loop is executed
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Compute ATy - —
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T

Compute My

Re-initialize:
Starting Set -

and Set-counter

Figure 4.2: Block diagram for the inversion programs inv2D and inv5.
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ots arred s . 22 '
through @ sets, and accumulates acceptable values of In(v, /vy ), where v, and v,
include a background signal subtraction. The value of N spans N =1...55 =, the
, . ’2 b »
number of squared-voltage ratios available. The values of In(v, /v%) considered to be

acceptable are those for which the criterion,

'z~

<1 (4.1)

clc

N

where the voltages have been background corrected, is true. If this ratio were other-
wise, it would imply that the reflection coefficient were greater than unity, which is
impermissible on physical grounds. A further criterion is that the direct backscatter
signal must be above a threshold voltage, v,. This avoids computing concentration
estimates when the above criteria are met, but are meaningless due to low signal
levels. Once @) sets have been looped through, the average of ln(v; /va) is computed
and stored, accounting properly the number of acceptable sets. Next, a value of AT,
is computed. Values of AT, less than zero are unacceptable since o, must be pos-
itive. When AT y 15 negative it is an indication that the method has failed for that
block of @ sets. For AT',, > 0 the programn proceeds and ecomputes the scattering
attenuation and then the mass concentration, M, which is archived on disk. The
case AT, = 0 is rare in practice. An example of these intermediate calculations is
provided in Figures 4.3 and 4.4,

All output time series are of approximately 130 data points in length. Typical pro-

gram execution time on a complete file of RASTRAN data for one acoustic frequency

54



takes about 30 seconds.

4.3 Confidence Limits based on

Signal Fluctuations

Confidence limits for mass concentration time series presented in Chapter § are

based on fluctuations in AT',,. Recalling that,

Al,=r,_, -T,
and,
v \?
I', =(ln (—“—’-) ,
o= (n(2))

the dependence of M, on ATl',, (Equation 3.19) is,

= _ L+ 3K () + ()] , (a),
M, = Kqo(z)t Po Az

AT,

(4.2)
(4.3)

(4.4)

Fluctuations in AT, thence M , are related to fluctuations in the aconstic data, v?

2 . . C
and v/. These fluctuations need not be noise, but rather real fluctuations in signal

due to varying suspended sediment concentrations.

The inversion programs compute the standard deviation of I', for each N, for cach

block of @ sets, indicated by the symbol €. It follows that minimum and maximum

possible values of Equation 4.2 can be reasonably represented by,

Al = (g, —€p,) = (Ty +£y)

N

Al = (FN-I +€~-n)"(rN _EN)

N
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Figure 4.3: Data from run 300.030, at 5 MHz. (a) Raw voltage for V3 (—) and mirror
" signal ¥, (- - -). (b) Raw voltage for V5 (—) and mirror signal V3 (- - -).
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Figure 4.4: Data from run 300.030, at 5 MHz. (a) Computed values for 'y (—)
and [ (- - -) after background levels have been removed from the raw data. ()
Computed value for AT's, (c) Computed value for a,3 (= 2zL2), and (d) Computed
concentration M.
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respectively. Making use of,

+ |
(@), = sxoAL (4.6)

R —_— .. .
the Limits M, and M, define minimum and maximum values for the mass concen-

tration based on these fluctuations respectively, where,

DA AK ]

M T o T, T,

(4.7)

The values obtained from Equation 4.7 are used for placing confidence limits on results

presented in the next chapter.



4.4 Confidence Limits based on

Errors in Particle Size

Confidence in mass concentration estimates obtained from Equation 4.7 also de-
pend on the uncertainty in (a) . For the employed inversion scheme this value does
not change in time, therefore what uncertainty exists in the mass concentration due

to error in radius will also be invariant in time. A simple test of the sensitivity of

the High-pass model to changes in {a),, and heuce z, is to hold the value of the

attenuation constant for each 2.25 and 5 MHz, while varying « over the rauge plus

. - . +
and minus one standard deviation from the mean profile radius, denoted by {(«) =~ and

(a) N_, respectively. Thus, Equation 4.7 is written,

— T+ 3K (e E) 4+ (a *)] | =& —
M= [1+35 ,‘f:(x)*)4 Gl I @ T, | (4.8)

where (z ) = kJ{a) .

Figure 4.5 shows the 6.5 minute averaged particle size vertical profile for run
300.030 obtained from the multifrequency inversion, and the program profile. The
solid line in this Figure represents {a) y» and the dashed lines represent the one stan-
dard deviation limits on this valuc. The range over which « varies lies approximately
between 60 pm and 140 gm, the mean value being near 100 pm.

Recalling Equation 2.51 for the High-pass model,

ads; _ '(am‘."
e [l +31a! +53

(4.9)
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Figure 4.5: File-averaged (6.5 minutes duration) radius profile for run 300.030. The
solid line represents the mean value, and the dashed lines represent one standard

deviation from the mean.
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where € = M/pg, and zi(= k,a) and a,; represent the dimensionless size parameter
and scattering attenuation for the i* frequency in MHz, respectively. For a lixed
time and height above the sea bottom the quantity a/e is the same for any frequency.
To estimate the relative values of the scattering attennation at the two frequencies

¢ =2.25 and i = 5, Equation 4.9 is used to obtain,

o A pt g g2
Moo _ &yq [l + -'31\"‘L" + J"’] (1.10)
=— Tj ot 1 o2 -
(\'_.'5 ‘L.'; [l + 31‘"‘32.25 + 'l'g‘-g_v,

For a typical particle radius of 100 gm, and using K = 0.18 for quartz, this reduces
to,

Q225 2 0.22 a, 5. (4.11)
A typical value for a,5 during the peak of an event is 0.04 cm™! which leads to a
predicted value of e, 95 = 0.009 cm ™",

Using these values for v, ,, M as a function of & (for radii 60 pm to 140 yun) at,
2.25 and 5 MHz is depicted in Figure 4.6 by the dashed and solid lines respectively.
The circles represent predicted concentrations at « values for a particle of the mean
radius, 100 gm. There are two salient features in this figure: first, at the mean rading
the two frequencies give nearly identical results, approximately 3 g/ in this example;
second, at 2.25 MHz the possible range of concentration is much greater thai at 5
MHz, especially for smaller particles.

The High-pass model given by Equation 2.51 is renormalised so that neither side

depends explicitly on the particle radius, a, but rather on the acoustic wavenumber,
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Figure 4.6: Dependence of M on changing particle size through the variable x, using
the High-pass model of scattering attenuation. The dashed line rep:esents M vs.
.25, and the solid line represents M vs. 5. The value for o, has been fixed at 0.04
cm~! and the value for a, at 2.25 MHz has been fixed at 0.009 cin~!. The circles
represent inverted concentratious for a particle size of 100um at each frequency.
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k.. This is achieved by dividing each side of Equation 2,51 by the dimensionfess size

parameter, . The resulting expression is,

a5 N,u?
eke — [1+ 3K 0t +2?]

(1.12)

The right-hand side of this function is plotted in Figure 4.7 where the cireles on
the curve represent the range of & spanned by particles of radius 60pm> a > 140un
at 2.25 MHz, and the x's represent the same thing at 5 MHz. One can clearly see
the sensitivity of the High-pass model near x ~ [, or equivalently at 2.25 MIlz for
the considered particle size range. In contrast, the curve is a much slower changing
function over the same range of particle radii at 5 MHz. This sul'lsil.ivil.y at 2,25 Mil

to particle size is supported by Figure 4.6.
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Figure 4.7: The High-pass model renormalised such that neither side depends explic-
itly on the particle radius, a. Circles represent the range of x spanned by a particles
of radii 60gm> a >140um at 2.25 MHz; x’s reprisent the range of & spanned by the
same particles at 5 MHz.
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4.5 Sensitivity of Mass Concentration to

Background Subtraction

As shown in Equation 4.4, the inverted concentration, M, depends on Al

1ewritten here for convenience,

= [+ 3K ()" + (2)}] , — AT
V — 3 / N ,
My Ko () ro )y 8Az

(L13)

Figure 4.8 shows a representative time series, taken from run 300.030, of total
signal for the third bin above the bottom, v,. From Figure 4.8 it is clear that the
total signals consist of a constant bias, or background, plus the signal containing
information about a snspension event. (Throughout the thesis the voltages, v, and
v;v, are assumed to be only that part of the total signal containing information about
a suspension event.) Assigning the variables V,, and VI; for the total signals N bins
above and below the bottom bin respectively, and the constants v, , and 'u:w for the

corresponding background signals, Equation 4.2 becomes,
[ 2 ] 2
Vi o —w Vi—wo
AT, = (In | =220 ) ) — (In | 2—25) ), (4.i4)
Ver — Vg N1 Ve — Upn

It is important to understand how the background signals, and their subscequent
treatment, affect the final estimates of mass concentration. Compnting ratios in
Equation 4.14 will introduce uncertainty when the numerator and denominator insice

each logarithm approach zero together. This applies directly to Equation 4.14 when

1

oyt Almost

the total signals, V,, and V,, approach the background values, v, , and v
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Figure 4.8: Time series from run 300.030 illustrating the voltages V;, v,, and v,,. (a)
_ Time series of raw signal uncorrected for background, v,,. The dashed line indicates
the background level. (b) Same as in (a) except v,, has been subtracted.
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simultaneously near the start and end of a suspension event. For this reason the
ratios are most stable at the event’s peak, when the total signal is much greater than
the background. Because of the logarithms in Equnation .14 lincar changes in the
amount of background signal subtracted lead to non-lincar changes in the inverted
concentration. A threshold voltage of 40 mV on v, effectively solves the lirst of these
problems. When the threshold is lower than this events spurivusly appear in the
reflection method results at times when significant suspension events do not exist,

A sample calculation illustrates directly the effects of removing background signal
on the inverted mass concentration. Using total signal values al a specifie time during
an event, and uniformly varying the amount of backgronnd subtracted from zero o
the full background level, a general relationship between the inverted concentration
and the amount of background subtracted can be obtained, for that time. Snuch an
example is provided in Figure 4.9. This example is computed for the 5 MHz inverted
result in the third bin above the bottom, at time 0.5 minutes into run 300.030, Since
most of the background levels are similar in magnitude, the ordinate axis shows only
the variation.of v’B’J. The Figure shows that the inverted concentration increases as
more of the background is subtracted. The increase in inverted concentration when
the full background level is subtracted is approximately 20% more than withont

subtracting background levels.
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Figure 4.9: Variation in mass concentration (M,) at 5 MHz with amount of back-
ground signal subtracted for the first suspension event in run 300.030.
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Chapter 5

Results

The inversion process described in Chapter 3 is employed to convert RASTRAN
data collected at Stanhope Lane Beach during October—-November 1989 to suspended
sediment concentration. Concentrations obtained using the reflection method are
compared with multifrequency and OBS methods to test whether the acoustic mirror
is the consequence of coherent hottom rellection.

Results for t\;'o RASTRAN runs are presented. Section 5.1 presents results from
run 300.030 for the 5 and 2.25 MHz sounders. Section 5.2 presents results from
run 307.025 for the 5 MHz sounder, and describes a case for which the reflection
method fails. Results are presented in the form of concentration time series derived
from the reflection method, and are compared with the results of the multifrequency
backscatter technique, and optical backscatter measurements.

Linear correlation coefficients, R.,, and the mean relative difference, D,,, are
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yrovided in tables. The mean relative difference is given b
| )

Yi — 24 -
2y 72 L__| (')'l)

whe:e [ isthe total number of data points in the plot used for calculation, y, represents
the measured value, and z, is the calculated value. In cases where the correlation
between the reflection method and either of the other methods appear significant or
provides insight, the scatterplots are provided.

Because of a failed connector, only OBS data from the shoreward end of the
instrument frame (Figure 3.3) are available. All OBS comparisons are made with
the lowest of the 3 sensors, OBS 133. Although the height of the OBS detector
above bhottom is known for each data run, OBS instrument design imposes some
limitations on interpretation of the recurded signal. The OBS beam pattern is about
30° full width horizontally, 50° vertically, and has a range not n;ore than 20 cm (based
on manufacturer’s specifications) [Downing et al., 1981]. Thus at 10 em range the
OBS beam interrogates a 9 cm high vertical section in the water column. Mcreover,
the detected volume decreases with increasing particle concentration, due to nearer
particles shadowing further ones. OBS calibrations were pcrformed utilising surficial
sand obtained at the deployment site. Therefore, the O BS measurements assume that
for all neights and times, suspended sediment sizes are the same.

Finally, all data has been identically filtered with a 6 second moving average

removing fluctuations at and above the frequencies of the incident gravity waves.
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5.1 Run 300.030

Figure 3.4 of Chapter 3 is reproduced in Figure 5.1 for convenience, At the top
of this Figure the unfiltered .cross shore current record is shown. At both 2.25 MHz
and 5 MHz, two suspension events are seen in Figure 5.1, and cach is strougly
correlated with the passing of a well defined wave group. This is consistent with
earlier observations [Hanes and Huntley, 1986; Hay ¢t al., 1988; Vincent and Green,
1990]. The OBS data at the top of this Figure indicate this as well. Event | starts
at approximately 0.2 minutes into the run and ends at approximately 1 minute, or
48 s duration. Event 2 starts at approximately 4.2 minutes into the run and ends at
approximately 4.8 minutes, or 36 s duration.

Figures 5.2(a) and (b) show the filtered direct hackscatter and mirror image signals
for the 5 MHz signal near the bottom, respectively. Time series in this figure are well
correlated with each other in time and appear to be unaffected by the bottonm echo.
Furthermore, Figure 5.> demonstrates the ability of the seabexl to hehave as a mirror
since signal amplitudes decrease as one moves further from the seabed, for both the
direct backscatter and mirror signals.

Field values of temperature and salinity collected at the shoreline for this par-
ticular run are 9° C and 29 ppt, respectively. These values yield a sonndspead of
1477 m/s [Clay and Medwin, 1977, p88], and a range resolution of Az = 1.846 em

per range bin, and are also used to calculate the attenuation due to sea water, The
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Figure 5.1: RASTRAN false colour plot for run 300.030.
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Figure 5.2: Filtered time series for run 300.030 at 5 MHz of (a) dlrect backscatter
voltages v, (—) and v, (- - -); (b) mirror image voltages v (—) and v (---).
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range to the fluid-sediment interface was measured with a LeCroy model 9400 120
MHz digital oscilloscope to a resolution of 0.1 cm. The details of this procedure are
described in Hay and Bowen [1993].

The file-averaged vertical size profile of Figure 4.5, obtained from the multifre-
quency inversion on run 300.030, is reproduced here for convenience in Figure 5.3.
Data below 6 cm height provide input for particle radius in the High-pass model.
Particle sizes from the multifrequency inversion at heights greater than 3 cm above
the bottom have a mean diameter of about 180 gm, which is only 6% greater than
the measured mean diameter of 170 um near the RASTRAN frame. The particle size
estimate nearest the bottom is considerably larger. This is the result of bottom echo

contamination for the multifrequency inversion in this range bin.

5.1.1 Results at 5 MHz

For the 5 MHz transducer the range to bottom for this run was 94.3 cm, placing
the bottom in the upper portion of the 52nd range bin. The observed position of
the bottom echo in the RASTRAN acoustic data corroborates this result, so for this
run squared-voltage ratios of mirror signal and direct backscatter signals are centred
around the 52nd bin (b = 52). Hence, at 5 MHz three values, '}, I';, and ['3, are
calculated, yielding two concentration estimates, M, and M,, as functions of time.
In a method described by Hay and Sheng [1992], the mean height of OBS 133 above

bottom is determined to be 4.8 cm. The OBS values should therefore be compared
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to those in the third range bin above the bottom for this sounder.

Time series of concentration for run 300.030 {rom the 2 inversion methods and
OBS are presented in Figure 5.4 for comparison purposes. Values of My and My
from the reflection method are illustrated in Figures 5.4(a) and 5.4(b), vespectively.
Values of Mj; from the multifrequency method and the OBS are illustrated in H.4(c)
and 5.4(d), respectively. For all reflection method time series the two solid lines
represent ﬁ:, based on signal fluctuations, as described previously, Instances where
an isolated point in time yielded a result, the coufidence limits are indicated with
circles (o). Times for which no reflection method result is shown (i.c. between the 2
events) indicate that this method has failed either because v;v Jv, 21, or v, was less
than the chosen thireshold voltage, 40 mV. For the multifrequency backscatter results
in 5.4(c) the two solid lines represent £1 standard deviation from the mean over 20
sets.

It is clear from Figures 5.4(a) and 5.4 (c) that the results of the reflection method
and the multifrequency backscatter are consistent. Becanse M, applies to the lower
boundary of the second bin above the bottom bin, and M, (multifrequency method)
applies to the centre of the third bin above the bottom bin, these two results are
1.5 bins apart vertically (=~ 2.8 cm), with the multifrequency bin being farther above
bottom. Peak concentration values are higher for the reflection method than for
the multifrequency method at similar times. This is an expected result Lecanse

concentrations increase as one approaches the seabed.
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Figure 5.4: Reflection method sediment concentration at 5 MHz for run 300.030.
Confidence limits (—) based on signal fluctuations are shown as functions of time.
- Illustrated are (a) reflection method M,, (b) reflection method M, (c) multifrequency
backscatter M,, and (d) OBS 133.
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Figures 5.4(b) and 5.4(d) illustrate two features: first, the reflection method pre-
dicts that concentration decreases as one increases the height above the seabed (com-
pare with 5.4a); second, that at the centre of each event, when reflection method
results are more reliable, the inverted concentrations agree well with the OBS mea-
surement.

Figure 5.5 shows results similar to those in Figure 5.4 except that the upper and
lower concentration estimates, —IWNJ' and WN_, correspond to using -(-«T)-N_ and -(-&7:
in Equation 3.19, respecti\./ely. The plots show that the concentration estimates at 5
MHz are rather insensitive to uncertainties in particle size, in accord with the analysis
in Chapter 4. This is especially obvious in Figure 5.5(a) where the two lines defining
the range of possible concentrations are barely discernible. It is less obvious in 5.5(D),
but still noticeable. The larger difference iu the possible range for M, is due to a
larger standard deviation in {a) y for that height.

For further comparison between the reflection method and the OBS, and mnlti-
frequency methods, a linear regression analysis was perforined. A summary of these
results is provided in Table 5.1. Note that linear regressions may not be the best
indicator of the validity of the reflection method. Data can have nearly zero correla-
tion but can be clustered near the 1:1 line, representing perfect agreement between
the reflection method OBS/multifrequency techniques, which generally supports the

reflection method.

Figures 5.6(a) through (d) show scatterplots where the linear correlation between
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Figure 5.5: Run 300.030 time series of inverted concentration from single frequency
reflection at 5 MHz, where the confidence limits (—) are based on the possible range
of particle radii.
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reflection estimates of M,, OBS 133, and multifrequency methods appear significant.
The dashed line in these figures represents the semi-major axis of the ellipse best,
confining the data. One observes in Figures 5.6(a) throngh (d) that the slope of
the regression line is consistently less than unity. The results of Crawford and Hay
[1993] suggest that the ratio algorithm employed for the multifrequency inversion
yields concentration estimates which can be low by as much as a factor of 2, This
could explain the low slope in the scatterplots. Similarly, Figures 5.7(a) and (D)
show the correlation between the reflection method estimates of M, and OBS and
multifrequency methods, respectively. In general, the correlations for M, arc not. as

good, and the reasons for this are not entirely clear.

Reflection || OBS Multifrequency Backscatter
Method 133 A’Il I\/]g A/I') M.; A’lr,
0431 || -0.71 | 0.20 [0.891 094|090 t

M, (0.78) | (0.82) | (0.79) | (0.36) | (1.5) | (5.4)
0.58* t || 0.45 | 0.18 [-0.25% | 0.27* | 0.21*
e (0.28) | (0.89) | (0.86) | (0.76) | (0.41) | (2.6)

Table 5.1: Results at 5 MHz for run 300.030. Values for the linear regression co-
efficient, R, ; values of D,, are in parentheses. The asterisk indicates that ontliers
have been disregarded in calculating the estimate. 1 denotes that the scatterplo is

provided.
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Figure 5.6: Scatterplots for run 300.030 showing comparison of M, at 5 MHz with
(a) OBS, (b) M,, (c) M,, and (d) M,, from the multifrequency backscatter inversion.
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5.6 (continued)
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The multifrequency backscatter inversion employs three transceivers with non-
overlapping heams, one of which was a different height above the bottom. This leads
to an uncertainty with respect to absolute height above the bottom for final con-
centration estimates since range to bottom evolves in time and space. Thus, it is
plansible that the multifrequency result M, lies closer to the bottom than expected,
yielding a higher correlation with M, than with M,. The correlation is expected to
he good between M, and the OBS, since the height of the OBS places the centre
of it beam nearer to the third bin above the bottom. Indeed the best correlation of
0.58 is between M, and the OB, shown in Figure 5.7, but could only be obtained
by disregarding data for which the OBS measurements were less than 2 g/ in Fig-
ure 5.4(d). This may indicate a susceptibility of the reflection method in coping with
low concentrations, since signal levels are nearer to the chosen threshold, and are

more prone {o a lower S/N ratio.



Regression for 300.030 at S MHz: R = 0.58
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Figure 5.7: Scatterplot for run 300.030 showing comparison of M, at 5 MHz with
OBS 133 (points omitted from the calculation of R, and D,, considered outliers are
denoted by ‘4’ as explained in the text).
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5.1.2 Results at 2.25 MHz

For the shoreward 2.25 Mllz transducer (2D), the range to hottom is 92.6 cm,
placing the fluid-sediment interface near the top of the 51st range bin (b =51). This
is confirmed in the data and results in 4 values, I') - - - [, and thus three concentration
estimates, M,, M, and M, a« functions of time. The mean height of OBS 133 above
hottom at the nearshore end of the instrument frame is 3.1 cm, placing it within the
second range bin above the bottom.

Time series of concentration for run 300.030 at 2.25 MHz from the reflection
method, where the confidence limits are based on signal fluctuations, are presented in
[Figure 5.8. OBS and multifrequency results are the same as shown in the 5 MHz case.
Although it is seen in this figure that the concentration decreases as one moves away
from the seabed, the most striking feature of the inve-ted results are the large con-
centration estimates, even at the lower bound. Possible reasons for this are reserved
for discussion later in this section.

Similar to the 5 MHz case, the inversion was run again at 2.25 MHz but the
confidence limits were based on the possible range of particle radii. Figure 5.9 shows

oy . - + .
these results. The upper and lower solid lines correspond to using (a) , and (a) ;* in

the inversion, respectively. The dashed line indicates the inverted result {rom using

the mean radius, (a) . From these computations one can see that the method at

2,25 MHz is far more susceptible to uncertainties in particle radius than to signal
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fluctuations, indicated by the increased spacing of the confidence fimits. This is
especially true for the case of using the smaller radins estimate, (@) . Again, even at

the lower bound (larger particles) inverted concentrations seem quite high compared

to all other results, regardless of method.

Reflection )| OBS Multifrequency Backseatter
Method 133 M, M, My | M T M,
0.22% [ 029% | 0.06% |-0.21]-0.17 | -0.13
M, (13) || (0.70) | (0.93) { (35) | (61) | (110)
20.42% [ 0.16% 1 [ 0.23% 1 1 -0.55 [ -0.19 | -0.381
My (11) || (0.89) | (0.90) | (26) | (M) | (88)
-0.46 | 0.24 -0.39 | -0.87 | -0.79 | -0.61
My () || (081 | (L2 [ (8) | (28) | (5T)

Table 5.2: Results at 2.25 MHz (2D) for run 300.030. Values for the lincar regression
coefficient, R, ; values of D_, are in parcutheses. { denotes that the seatterplot is
provided.

As before, a regression analysis was performed. The results of this analysis are
summarised in Table 5.2. In general, the linear correspondence between Lhe reflection
method and the other methods is either low, or negatively correlated. Three seatter-
plots are provi(léd in Figures 5.10(a), (b), and (c) for a comparison of M, with M,
M, with M, and M, with M, respectivley. The results shown in Figure 5.10 exhibit
only small positive correlation after removing ontliers from the computation, which
are mostly from inverted data at the beginning and end of events where results are
less stable. However, all of these plots exhibit a relatively dense cluster of points near

the 1:1 line. This indicates that on average the two methods yield similar values of

concentration in this example, and thereby support the reflection method.
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calculation of R, and D,, considered outliers are denoted by ‘+’ as explained in the

text).
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The results in Figure 5.9 demonstrate that the distribution of particle sizes can-
not explain the discrepancy between the reflection method results at 2.25 MHz and
the multifrequency results. Other possible explanations are now discussed. For the
reflection method the inverted concentration is a function of the scattering attenua-
tion, ev,, thus abnormally high computed concentrations indicate that the computed
values of «, are anomalously high. It has been shown previously [Varadan et al.,
1983] that the single-scattering assumption may be violated if the concentration of
suspended particles is greater than 1% by volume, corresponding to a limit of about
30 g/¢ for quartz sand, and beyond this value the scattering attenuation decreases.
Measurements on real sand [Hay, 1991] have confirmed the linearity up to approxi-
mately 1% by volume. Since the theory employed assumes single-scattering, and the
computed scattering attenuation is too high it follows that multiple scattering is not
the mechanism for the discrepancy. This suggests that the problem may lie in the
inverston algorithm near {requencies of 2.25 MHz, more generally near frequencies for
which the dimensionless size parameter x ~ 1.

One must cousider the accuracy of the High-pass model, when compared to mea-
sured values of @c,/¢, where @ is the mean particle radius. The measured values
{from experiments by Jansen [1978; 1979] and Schaafsma and der Kinderen [1986],
are summarised in Table II of Sheng and Hay [1988]. While the mean percentage
difference between the High-pass model and the measured values is of order 15% for

values of ¢ < 2, individual measuremen’s can have up to 30% discrepancy, nsually
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corresponding to the High-pass model overestimating aa,/e. For r = 1, the measure-
ments are split as to whether or not the High-pass model over- or underestimates the
measurements. Recently, it has heen shown [personal communication from Dre, A, E.
Hay, Memorial University of Newfoundland] that the High-pass model is inaceurate,
and that a modified theory is forthcoming. This will also require modification of the
multifrequency results, which make use of the High-pass model.

Another possible explanation for the discrepancy at 2.25 MHz exists, however.,

This is the contribution from nou-specular reflection, and is discussed in Chapter 6.

5.2 Run 307.025

In addition to presenting the 5 MHz results this section discusses the snseeptibility
of the M, estimate to contamination in I} from the bottom ccho. This section
will omit much of the discussion provided in the previons section, as it is equally
applicable.

Figure 5.11 shows the RASTRAN false-colour image for run 307.025, correspond-
ing to the 25th run collected on November 3, 1989. Five major suspension events,
centered near 0.2, 1.7, 2.8, 4.5, and 6.1 minutes, respectively, are most casily seen in
the OBS signal of this Figure, and are concurrent with the acoustic data shown below
that.

Figures 5.12(a) and (b) show the filtered direct backscatter and mirror image
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Figure 5.11: RASTRAN false colour plot for run 307.025.
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signals for the 5 MHz signal, respectively. The same commentary applies to this
Figure as for Figure 5.2 .

Field valnes of temperature and salinity collected at the shoreline for this par-
tienlar run are 9.03°C and 29 ppt, respectively. These values yield a soundspeed of
1479 m/s, and a range resolution of Az = 1.849 em per range bin. The file-averaged
vertical size profile for this run is provided in Figure 5.13. For this file data from the

bottom 10 em of this profile are used as inpnt to the High-pass model.

5.2.1 Results at 5 MHz

For the 5 MHz transducer the range to bottom for this run was 93.2 cmn, placing
the bottom in the upper portion of the 5lst range bin. This is supported by the
hottom echo in the RASTRAN acoustic data, so for this run squared-voltage ratios of
mirror signal and direct backscatter signals are centred around the 51st bin (b = 51),
yielding four values, [y .-+ Ty, and :hree concentration estimates, M,, M, and M,,
as functions of time. The mean height of OBS 133 above bottom is 2.4 cm, which is
within the second range bin above the bottom for this sounder.

Time series of inverted concentration for run 307.025 from the two inversion meth-
ods and OBS are illustrated with identical scaling in Figure 5.14 for comparison pur-
poses. Inverted voncentrations for M, and M, from the reflection method are shown
in Figures 5.14(a) and 5.14(b), respectively. Figure 5.14(c) shows concenirations for

M,, M,, and M, obtained from the multifrequency backscatter method. The standard
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line (—) represents the iean, and the dashed lines (- - -) represent one standard
deviation from the mean.
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deviations on the results in Figure 5.14(c) are omitted, but are similar in magnitude
to the standard deviations in the multifrequency resalts for run :300.030. As before,
for refleetion method time series in Figure 5.14 the two solid lines, and circles (o),
represent, Wl-Nt, hased on signal fluctuations. The OBS, and reflection method result
for M, , are denoted by the solid and dashed lines, respectively, in Figure 5.14(d).

Overall, the three different methods have produced concentrations of the same
order, and the reflection method has registered the five major events. One observes
in Figure 5.14(c) that concentrations cecrease further from the seabed. It is not clear
from Figures 5.14(a) and 5.14(b) that the concentration decreases further from the
seab:d, except possibly for the events near 0.2 and 4.5 minutes respectively. The
reflection method has failed in its estimates of M, and M, during the second event,
centered at 1.7 minutes, since both the multifrequency result and OBS easily register
the peak of this event. This failure of the reflection method during the second event
is discussed later,

Figure 5.15 shows results similar to those in Figure 5.14 except that the upper and
lower concentration estimates, 'IW: and -IWN-, correspond to using (T)'N— and m:
in Equation 3.19, respectively. Once more the uncertainties in inverted concentration
at 5 MHz is due primarily to signal fluctuations, rather than uncertainties in particle
size. Note however that WT:' and T'fo concentrations are slightly higher than the

upper concentration bound due to signal fluctuations. This slight increase in inverted

concentration is due to the use of the smaller particle size.
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Figure 5.14: Reflection method sediment concentration at 5 MHz for run 307.025.
Confidence limits (—) based on signal fluctuations are shown as functious of time.
[lustrated are (a) reflection method M, (b) reflection method M, (¢) multifrequency

backscatter M,, M, and M,, and (d) OBS 133 (—) and M, (o).

98



l 0 T ¥ 1 ;| T T
gl 5 MHz (errors based on radius) (a) §
g 6F ]
3 4-\ / |
2 | U » o / l
0 L. i 1 2 al 1 L
0 | 2 3 4 ) 6
Minutes
10 ‘ — , . T .
gl 5 MHz (errors based on radius) (b) i
S of
g 4 B [+] / . "
2 L g o j) ‘ -4
0 ! L L ' L —dg—L
0 1 2 3 4 5 6
Minutes
lO L L) 1 T T T
gl 5 MHz (errors based on radius) © |
S 6 §
S 4f I
2 N
[+
0 i 1 b1 L 1 L o 8
0 1 2 3 4 5 6
Minutes
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of particle radii.
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A summary of the linear regression analysis is presented in Table 5.3. Becanse the
total duration of suspension events decreases further from the hottom, the number of
sets available for the inversion decreases, therefore regressions involving M, are not

computed since only five data points exist for the comparison in this example,

Reflection |} OBS Multifrequency Backscatter
Method 133 M M, My M, My
0.65™ t [ -0.45% | -0.17 | 0.47% 10.42¥ [ 0.30

M, (0.37) | (0.63) | (0.83) { (0.90) [ (.6) {(8.2)
0.27 | -0.66 | -0.51 | 0.69% § [ 0.35% | 0.5A
M, (0.63) || (0.67) { (0.97) [ (0.32) | (2.7) | (5.3)

Table 5.3: Results at 5 MHz for run 307.025. Values for the lincar regression co-
efficient, R, ; values of D , are in parentheses. { denotes that the scatterplot is
provided.

Figures 5.16(a) and 5.15(b) show scatterplots comparing reflection method esti-
mates of OBS with #7,, and M, with M, respectively. Note that in cacly case points
considered outliers (indicated by the ‘4’ symbols) were excluded from the calenlation,

Points that were considered outliers in Figure 5.16(a) correspond to times when either

method yielded concentrations less than 1 g/¢.

5.2.2 A case where the method fails

The failure of the reflection method to properly deduce M, near 1.7 minntes into
run 307.025 is now investigated. To keep the notation simple, only the proportionality

of M, to AT, is required. From Equation 4.4,

—i, oC Arz (5'2)
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Regression for 307.025 at 5 MHz: R = 0.64

6 v

(a)

-
-7
s

OBS 133
w
-

-
o

.
e

Reflection Method: M2

Regression for 307.025 at 5§ MHz: R = 0.69

L4 L

4 T

s (©

14
W
T

Mutltifrequency Backscatter: M3

Reflection Method: M3

Figure 5.16: Scatterplots for run 307.025 at 5 MHz showing comparison of (a) OBS
‘with M,, and (») M, with M, from the multifrequency backscatter method.
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recalling that AT, =y — [, aud,

o\ ¢
[y =(In (—-"—) ) (5.0

Uy

and must be negative. Decreases in M, ocenr when 'y approaches 1y, In the case
being examined it is reasonable to assume [ to be correct becanse it is isolated from
the bottom echo. This implies that 1') is decreasing (becoming more negative) when
it shouldn’t. This can be due to v, increasing, or v] decreasing.

Figure 5.17(a) shows v] and v,, used to obtain ['y; Figure 5.17(h) shows v} and v,
used to obtain ;. Shown in Figure 5.17(c) are I'y, Ty and AT, Ouly times where
both I'; and T, are less than zero produce a positive value of Aly. The reason for
the low estimate of M, for the times 1.6 to 1.7 minutes in Figure 5.17(«l) corresponds
to ATz being nearly zero in Figure 5.17(c). As stated carlier, the position of the
fluid-sediment interface lies in the upper portion of the bottom bin. It is therefore
expected that part of the bottom echo has contributed to the hin reserved for n,.
This would explain the tendency for T to be lower than it should be in this example,
hence reducing the computed concentration for M,.

The decrease in M, during the same times may be due to extra contributions to
v, from non-specular components of the reflection, which lie near the seabed where
concentrations are higher. Note that based on geometry, contributions to smirror
signals from non-specular components of reflection will become more apparent in the

concentration estimates, the farther one goes above the seabed.
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Figure 5.17: Failure of the reflection method during the second event for run 307.025.
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M,.
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Chapter 6

The Bottom Reflection Coefficient

This chapter discusses the treatment of the acoustic bottom reflection coefficient,
R, and the effects of sand ripples on the acoustic measurements. In Section 6.1 the
effects of sand ripples on the measurement geometry are discussed. In Section 6.3
an estimate of the possible range of values for / is caleulated based on sediment
properties for Stanhope Lane Beach. Finally, Section 6.4 presents estimated values
of R based on ac'oustic data from Stanhope Lane.

In Chapter 3 it was shown that the reflection coefficient does not enter directly
into the inversion scheme. However, the reflection coefflicient and the degree to which
the bottom relief plays a role in the reflection deserves discussion. There is a great
volume of reference material on bottom interacting acoustics. Notable moographs on
this subject include those by Hampton [1974, ed.], Kuperman aud Jensen [1980], Pace

[1983], and Akal and Berkson [1986]. The monograph by Beckmann and Spizzichino
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[1987] covers maost aspects of scattering from rough surfaces. Most recently, a book
by Ogilvy [1991] reviews scattering from random rough surfaces. Standard acoustics
texts such as Clay and Medwin [1977)], and Tolstoy and Clay [1987], cover the general

aspeets of reflection and rough surface scattering,.

6.1 Effects of Sand Ripples

The wavelength of the incident acoustic signal serves as a convenient measure by
which to separate the small and large scale features of the bottom. For RASTRAN
operating at 2.25 and 5 MHz, the wavelength in seawater is of order 0.7 mm gnd
0.3 mm, respectively, so characteristics with length scales much greater than 1 mm
are considered large scale features for this discussion, and small scale otherwise. Fig-
ure 6.1 shows schematically a fluid-sediment interface including both small and large
scale features. The large scale features at Stanhope Lane Beach are of interest here.

The bedforms at Stanhope Lane beach are of the vortex-ripple type [Sleath,
1984, p124]. For this type of bedform the generally accepted value of the mean ripple-
height to ripple-spacing ratio, k. /)., lies between 0.1 and 0.25, implying mean surface
slopes < 15°. The maximum steepness angle is of order 30°, and is related to the
maximum angle of repose [Sleath, 1984, p118]. For the Stanhope site &, and A, are,
on average, roughly 3 and 12 cm respectively.

A narrow acoustic beam of halfwidth 2° placed 1 m above such a bedform will cover
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Figure 6.1: Beach fluid-sediment interface, showing both the large and small scale
" characteristics.
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an area of ronghly 7 cm in diameter, a length comparable to the ripple spacing. Thus
on the large scale there will not appear to be any random, or irregular, variation
in bottom topography across the width of the heam. Therefore the beam will be
sensitive to whether it lies over a ripple crest or trough [Stanton, 1984]. To further
complicate the matter, ripples migrate through the bear over time [Hay and Bowen,
1993]). The rates of migration appear to be rather slow (of order several cm/hr.),
however, although this number is not well known. It is assumed here that the ripples
are stationary during a 6.5 minute run.

For any point on a ripple, the surface slope has the effect of rotating the surface
normal into a non-vertical orientation, and thus acoustic waves previously considered
as normally incident n1ow slightly graze the surface. The Rayleigh Criterion (Equa-
tion 2.23) shows that the reflected wave will be more specular when the incident wave
approaches the surface at grazing angles.

[Hustrated in Figure 6.2 are two possible geometries for bottom reflection when
the ripple wavelength and the main lobe (denoted by dotted lines) dimensions near
the bottom are of similar scale. For simplicity only the specular rays are considered,
although as before non-specular components do exist. Figure 6.2(a) shows the case
for a particle inside the main lobe. The wave scattered from this particle after the
bottom reflection is able to contribute to the mirror signal in two ways: the usual
re-reflection of the backscattered wave (solid lines), and the wave scattered by the par-

ticle in the direction of the transducer without re-reflection from the bottom (dashed
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Figure 6.3: The effects of ripples on the measurement geometry. (a) Case of particle
inside the beam'’s main lobe, and (b) case of particle outside the beam’s main lobe,

108



line). The bottom reflected specular ray now propagates closer to the bottom, so
concentration estimates for height 2, above the bottom are contaminated by higher
concentrations nearer the bottom. This may help explain the higher estimates of scat-
tering attenuation, hence concentration, based on the reflection method compared to
the multifrequency backscatter and OBS methods.

Figure 6.2(h) shows the case for a particle outside the main lobe. In this case
the wave scattered by the particle can only contribute to the mirror signal via the
incident path. Again, this particle lies closer to the bottom where the concentrations,
hence scattering attenuation, are generally much higher. This too, then, may account

for the high scattering attenuations computed for the 2.25 MHz case in Chapter 6.

6.2 Bottom Penetration

The penetration of sound past the fluid-sediment interface into the bottom is
discussed. McCann and McCann [1985] have used a modified Biot theory [Biot,
1956] using a distribution of pore sizes, to predict compressional wave attennation in
non-colesive sediments.

Grain sizes in the logarithmic phi-scale are expressed as, ¢ = — log,(grain diameter
in mm), For quartz beach sand of mean size ¢ = 2.5, McCann and McCann obtain
a predicted attenation at 5 MHz of 1678 db/m. Using 1 neper = 8.686 db, the

corresponding attenuvation is 193 nepers/m. Hence the e-folding scale at 5 MHz, 4,,
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is of order 5 mm. The wavelength at 5 MHz in the sediment is of order 0.35 mm,
which gives an attenuation e-folding scale of approximately 15 wavelengths below the
fluid-sediment interface. A similar calculation for 2.25 MHz yields 8,,, = 11.7 mm,
or 15 wavelengths below the fluid-sediment interface.

For Stanhope Lane the mean grain size is ¢ = 2.66, so these results arve believed
to be of the same order, and therefore it is expected that sound which has penetrated
the fluid-sediment interface will be effectively attenuated before re-emerging. Fhis
also means that bottom penetrating echoes cannot contribute to the mirror echo at

distances more than | cmn from below the seabed (i.e. only n: affected, if at all),

6.3 Estimated Value for A based on Sediment

Properties

In this section an estimate of the plane wave reflection cocefficient, R, is calen-
lated on the basis of bulk sediment properties. These estimates ignore the irregular
character of the surface on the small scale.

The plane wave reflection coefficient is written for normal incidence rays as {Clay

and Medwin, 1977, p63],

R PG = PoC (6.1)
PoC + PsCy

where p, and p, are the mean bulk densities of scawater and sediment, respectively, ¢,
is the compressional soundspeed in the sediment, and ¢ is the soundspeed in scawater,
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Values of ¢ and p, are readily available, only reasonable values of p, and ¢, are required
to estimate R.

Hamilton and Bachman [1982] have provided a set of regression equations inter-
relating sediment properties. Specifically, they provide equations to obtain porosity,
bulk sediment density, and sound velocity from mean grain size, for three marine
environments: shelf and slope, abyssal hill, and abyssal plain. Their values of com-
pressional wave velocity were measured in the laboratory by a pulse technique, oper-
ating near 200 kHz. For Stanhope Beach, mean particle size in phi units is ¢ = 2.66,
and [Tamilton’s results yield a porosity, 7 = (44 £ 7)%. From the porosity the bulk
sediment density and soundspeed are estimated to be 1.97 £0.11 g/cm® and 174745
/s respectively. Using typical field values for water temperature and salinity of 8°C

and 29 ppt gives ¢ = 1477 m/s. Equation 6.1 then yields an estimate of,
Riamitton = 0.40. (6.2)

Au earlier paper by Faas [1969] relates sedirent porosity directly to the reflection

coefficient. The data used by Faas was obtained for the most part near 100 kHz.

Assuming Hamilton’s equations provide a reasonable estimate of the porosity, Faas’

work indicates that we should expect,
RFaas = 0.35 %+ 0.06 (6.3)

in accord with Hamilton’s result.
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6.4 Estimated Value for R based on Acoustic Data

[t is of interest to estimate the range of values for the retlection coeflicient based
solely on the acoustic data. One possibie way to estimate such a range of values is to

utilise Equation 3.8 of Chapter 3. namely,

Py 2 -
(In (-5'-) y=hR" - 8/(; (e, d2 (6.1)

"N

Considering the case for N =3, and rewriting the integral as a sum, one linds,

(In (”_3)2) = 4ln R—8A: ( %(a,), +Th+Tah )., (6.5)

Uy

Solving Equation 6.5 for the reflection coefficient, R,

R = exp {-};rs +2Az (%(a,), +Taw), + (nr,)_.,)} (6.6)

where the definition for I',, from Equation 3.10 has been used. To obtain absolnte
minimum estimates of R from the data, the attenuation terms in Equation 6.6 arce

set to zero, and thus for any N,

minN erN/" (6.7)

R

For the first suspension event of run 300.030 Figure 6.3(a) shows time series of

R at 2.25 MHz, and Figure 6.3(b) shows timeseries of R, and

min2

R, .,and R

men2? mn. mind

R

na @b 3 MHz. The noticeable feature of these results is that these minimum vahies
fall in the range 0.4 to 0.7, generally higher than the estimated values based on bulk

sediment properties of 0.35 and 0.4, but nonetheless of the right order. (Note that
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Pace et al. estimated reflection coefficients of 0.63 and 0.57 for their cobble surface
based on the measured coherent intensity and the first term of Equation 2.26, and by
extrapolating data from Hamilton [1970] based on particle size, respectively).

Using the definition of 'y, and ignoring the time average, Equation 6.7 may be

expressed in terms of the recorded voltages as,

. U'
RmmN = el/z (_—N-) ! (6“\‘)

Uy
Assuming that N > | so neither voltage is contaminated by the bottom echo, then

high values of R, are likely due to values of v:v larger than expected using purely

min
specular reflection arguments. If the non-specular component of the surface reflection

is allowed to contribute to the mirror signals, then this may explain higher estimates

of R

minN*
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Chapter 7

Conclusions

The goal of this research was to explain observations in field data of mirroring of
the acoustic backscatter signal from suspended sediment. Assuming that the mecha-
nism for generating the mirror signal was the result of a specularly reflected bottom
echo scattering from suspended sediment, and subsequently re-reflecting off the bot-
tom, an inversion algorithm to obtain suspended sediment concentration was devised
to quantify the validity-of the approach. The approach is considered valid if concen-
trations obtained using this method ar. in accord with concentrations obtained via
multifrequency acoustic backscatter and optical backscatter techniques.

sonce:trations obtained using the reflection method at 5 MHz are generally higher
than those obtained with a multifrequency inversion and in-situ OBS measurements,
but are within accepted limits. Linear regression analysis shows moderate correlation

of the reflection method with the other techniques, but also indicates that the method
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may have difficulty detecting lower concentrations. It has been shown at 5 MUz
that the uncertainty in concentration is primarily due to variations in signal, rather
than errors in particle size. Uncertainties due to the amount of background sigual
subtracted are less than 20%.

Inverted concentrations obtained with the reflection method at 2.25 MIlz less
than the upper limit of the theory (30 g/f), are found mostly during the peak of a
suspension event. Near the start and end ol suspension events, where the reflection
method becomes less likely to perform well, concentrations are gencerally much higher
than the theory physically permits. Because the assumption of specular, coherent
bottom reflection should be better at 2.25 MHz than at 5 MIlz, these results suggest,
a problem with the method. One possibility is that the beam is sensing the bottom
topography (ripples), which are not accounted for in the theory (See discussion of
Figure 6.1). It is also possible that the incoherent contribution to the rellected wave
needs to be included (see discussion in Section 2.3).

Results at 2.25 MHz indicate that the High-pass model for scattering attennation
is sensitive at this frequency to the range of particle sizes at Stanhope Beach, mnch
more so than at 5 MHz. This accounts for a large part of the discrepancy at, 2.25 M1z
when comparing with other methods. The accuracy of the High-pass model itself has
been questioned, especially near x ~ 1. A more accurate model of the scattering
- attenuation may improve the results for the 2.25 MHz case.

Estimates of the relative contributions to the reflected field (Chapter 2) and anal-

116



ysis of the data have shown that assuming the bottom reflection to be mostly specular
is significant, and probably incorrect. It is suggested that measurements be carried
out in future on surfaces at close range for which g ~ 1 and T ~ @ are common
properties of the experimental arrangement to quantify the assumption that has been
made and to aid in further development of the theory. It is also suggested that experi-
ents be carried ont in a controlled environment, such as in wave flumes. Regardless,
it, seems likely that to first order at least, the mirror image is produced by the bottom
reflected wave scattering from suspended sediment near the seabed and subsequently

re-reflecting from the seabed — in effect the seabed acting as an acoustic mirror.

117



References

Abramowitz, M., and Irene A. Stegun (Eds.), Handbook of Mathematical Functions,
Dover, New York, 1046 pp.. 1965.

Akal, Tuncay, and Jonathan M. Berkson (Eds.), Ocran-Seismo Acoustics, Low-Frequency
Underwater Acoustics, Nato Conference Series IV, Marine Sciences, Vol 16, Plenum
Press, New York, 1986.

Beckmann, P., and A. Spizzichino, Scattering of Electromagnetic Waves from Rough
Surfaces, Artech House, Inc., Norwood, MA, USA, 1937.

Biot, M. A., Theory of propagation of elastic waves in a fluid- saturated porous solid.
[. Low frequency range, J. Acoust. Soc. Am., 28 168-178, 1956.

Biot, M. A., Theory of propagation of elastic waves in a fluid- saturated porous solid.
I1. Higher frequency range, J. Acoust. Soc. Am., 28 179-191, 1956.

Chow, V. T., The log-probability law and its engineering applications. Am. Soc. Civil
Engirneering Proc., Separate no. 536, 25, 1954.

Chylek, Petr, G. W. Grams and R. G. Pinnick, Light Scattering by Irregular Ran-
domly Oriented Particles, Science, Vol. 193, 480-482, August 1976.

Clarke, S. P., Handbook of Physical Constants, Geol. Soc. Am. Mem., 97, revised ed.,
197-201, 1966.

Clay, C. S. and H. Medwin, Acoustical Oceanography, John Wiley, New York, 1977,

Crawford, A. M., and A. E. Hay, Determining suspended sand size and concentration
from multifrequency acoustic backscatter, submitted to J. Aecoust. Soc. Am., May
1993.

Downing, J. P., R. W. Sternberg, and C. R. B. Lister, New Instrumentation for the
investigation of sediment suspension processes in the shallow marine environment,

Mar. Geol., 42, 19-34, 1981.

Einstein, H. A., The bed-load function for sediment transportation in open channel
flows. U.S. Dept. Agr., Soil Conserv. Serv., Tech. Bull. 1026, 78 pp., 1950.

118



Faas, Richard W., Analysis of the relationship between acoustic reflectivity and sed-
iment porosity, Geophysics Vol. 34, No. 4, 546-553, 1969,

Fisher, F. H., and V. P. Simmons, Sound absorption in sea water, J. Acoust. Soc.
Aim., 62 558-564, 1977.

Flammer, G. 1., Ultrasonic Measurement of Suspended Sediment, United States Ge-
ological Survey Bullctin, No. 1141-A (US GPO, Washington, DC), 1962.

Hamilton, E. L., Sound velocity and related properties of Marine sediments, North
Pacific, J. Geophys. Res., 75, 4423-4446, 1970.

Hamilton, E. L., and R. T. Bachman, Sound velocity and related properties of marine
sediments, J. Acoust. Soc. Am., 72 (6), 1891-1904, 1982.

Hampton, L. D. (Ed.), Physics of Sound in Marine Sediments, Plenum Press, New
York, 1974.

Hanes, D. M., aud D. A. Huntley, Continuous measurements of suspended sand con-
centration in a wave dominated nearshore environment. Continental Shelf Research,
6, 585-596, 1986.

Hanes, D. M., C. E. Vincont, D. A. Huntley, and T. M. Clarke, Acoustic measure-
ments of suspended sand concentration in the C?S? Experiment at Stanhope Lane,
Prince Edward Island, Mar. Geol., 81, 185-196, 1988.

Hatch, T. and S. P. Coate, Statistical description of size properties of non-uniform
particulate substances. Franklin Inst. Jour., 207, 369-387, 1929.

Hay, A. E., L. Huang, E. B. Colbourne, J. Sheng and A. J. Bowen, A High Speed
Multi-Channel Data Acquisition System for Remote Acoustic Sediment Transport
Studies, in Oceans '88 Proceedings, IEEE, Baltimore, Vol. 2, 413-418, 1988.

Hay, A. E. and A. J. Bowen, Acoustic Measurements of Spatially-Correlated Depth
Changes in the Nearshore Zone During Autumn Storms, J. Geophys. Res., in press,

1993.

Hay, A. E., Sound scattering from a particle-laden, turbulent jet, J. Acoust. Soc.
Am., 80 (4), Pt. 1, 2055-2074, 1991

119



Hay, A. E. and JJ. Sheng, Vertical Profiles of suspended sand concentration and size
from multifrequency acoustic backscatter, J. Geophys. Res., 97 No. C10, 15,661-
15,677, 1992.

Hazen, D. G., D. A. Huntley, and A. J. Bowen, UDATS: A system for measuring
nearshore processes. In Proc. Oceans '87, 993-997, 1987.

Jansen, R. H., The in-situ measurement of sediment transport by means of ultrasound
scattering, Report 203, Delft Hydraulic Laboratory, Delft, The Netherlands, 1978,

Jansen, R. H., An ultrasonic doppler scatterometer for measuring suspended sand
transport, in Ultrasonic International 79, Conference Preceedings, edited by 7. No-
vak (Graz, Austria, 1979), UL 79, pp. 366-369.

Johnson, R. K., Sound scattering from a fluid sphere revisited, J. Acoust. Soc. Am.,
61 375-377, 1977.

Kuperman, W., and Finn B. Jensen (Eds.), Bottom Intericiing Ocean Acoustics,
Plenum Press, New York, 1980.

Libicki C., K. W. Bedford, and J. F. Lynch, The interpretation and evaluation of a
3 MHz acoustic backscatter device for measuring benthic boundary layer sediment.
dynamics, J. Acoust. Soc. Am., 85, 1501-1511, 1989.

Lynch, James F., Thomas F. Gross, Blair H. Brumley and Richard A. Filyo, Sediment
concentration profiling in HEBBLE using a 1-MHz acoustic backscatter system, Mar.
Geol., 99 361-385, 1991.

McCann, C., and D. M. McCann, A theory of compressional wave attenuation in
noncohesive sediments, Geophysics Vol. 50, No. 8, 1311-1317, 1985.

Morse, P. M. and K. U. Ingard, Theoretical Acoustics, Princeton University Press,
McGraw-Hill, Inc., 1968.

Morse, P. M., Thermal Physics, Second Edition, W. A. Benjamin Inc., New York,
1969.

Neubauer, W. G., R. H. Vogt, and L. R. Dragonette, Acoustic reflection from elastic
spheres. I. Steady-state signals, J. Acoust. Soc. Am., 55 1123-1129, 1974.

120



Ogilvy, J. A., Theory of Waue Scattering from Random Rough Surfaces, Adam Hilger,
New York, 1991.

Orry M. H., and F. R. Hess, Remote acoustic monitoring of natural suspensate distri-
hutions, active suspensate resuspension, and slope/shelf water intrusions, J. Geophys.
Rrs., 83(C8), 4062-4068, 1978.

Orr, M. H., and W. D. Grant, Acoustic sensing of particles suspended by wave-hottom
interactions, Mar. Geol., 45, 253-260, 1982,

Pace, Nicholas G. (Ed.), Acoustics and the Sea-Bed, Bath University Press, Bath,
UK, 1983.

Pace, Nicholas G., Zyad K. S. Al-Hamdani, and Peter D. Thorne, The range depcn-
dence of normal incidence acoustic backscatter from a rough surface, J. Acoust. Soc.
Am., T7 101-112, 1985.

Rayleigh, Lord, The Theory of Sound (New York: Dover) (first edition 1877, New
York: Macmitlan), 1945.

Schaafsma, A. S. and W. J. G. J. der Kinderen, Ultrasonic instruments for the con-
tinuous measurement of suspended sand transport, in Proceedings of the IAHR Sym-
posium on Measuring Techniques in Hydraulic Research, edited by A. C. E. Wessels
(Balkema, Rotterdam, Delft, The Netherlands, 1986).

Sheng, J. and A. E. Hay, An Examination of the Spherical Scatterer Approximation
in Aqueous Suspensions of Sand, J. Acoust. Sac. Am., 83(2), 598-610, 1988.

Sheng, J., Remote Determination of Suspended Sediment Size and Concentration by
Multi-frequency Acoustic Backscatter, Ph.D. thesis (Dept. of Physics, Memorial Uni-
versity of Nfld.), 1991.

Shung, KoPing K., Rubens A. Sigelmann, and John M. Reid, Scattering of ultra-
sound by blood, IEEE Transactions on Biomedical Engineering, Vol. BME-23, No. 6,
November 1976,

.Sigelmann, Rubens A., and John M. Reid, Analysis and measurement of ultrasound
backscattering from an ensemble of ..catterers excited by sine-wave bursts, J. Acoust.
Soc. Am., 53(5), 1973.

121



Sleath, J. F. A., Sea Bed Mechanics, John Wiley and Sons, New York, 335 pp., 1984.

Stanton, T. K., Sonar estimates of seafloor microroughness, J. Acoust. Soc. Am., 75
(3), 809-818, 1934,

Thorne, P. D., and N. G. Pace, Acoustic studies of broadband scattering from a model
rough surface, J. Acoust. Soc. Am., 75 (1), 133-144, 1984,

Thorne, P. D., C. E. Vincent, P. J. Hardcastle, S. Rehman, and N, Pearson, Mca-
suring suspended sediment concentrations using acoustic backscatter devices, Mar.
Geol., 98, 7-16, 1990.

Thorne, P. D., C. E. Vincent, P. J. Hardcastle, S. Rehmman, and N. Pcarson, Mca-
suring suspended sediment concentrations using acoustic backscatter devices, Mar,
Geol., 98, 7-16, 1991.

Tolstoy, 1., and C. S. Clay, Ocean Acoustics, Theory and Ezperiment in Underwater
Sound, American Institute of Physics, Inc., New York, 1987.

Urick, R. J., The absorption of sound in suspensions of irregular particles, J. Acoust.
Soc. Am., 20, 283-289, 1948.

van Hardenberg, B., A. E. Hay, J. Sheng, and A. J. Bowen, Field measurements of
the vertical structure of suspended sediment, iu Coastal Sediments '91, proceedings of
a Speciality Conference on Quantitative Approaches to Coastal Sediment Processes,
Seattle, Washington, June 25-27, 1991. American Society of Civil Engineers, New
York, N. Y., 1991

Varadan, V. 'K., V. N. Bringi, V. V. Varadan, and Y. Ma, Coherent attenuation of
acoustic waves by pair-correlated random distributions of scatters with uniform and
Gaussian size distributions, J. Acoust. Soc. Am., 73, 1941-1947, 1983.

Vincent, C. E., R. A. Young, and D. J, P. Swift, On the relationship between hedload
and suspended load transport on the inner shelf, Long Island, New York, J. (Geophys.
Res., 87, 4163-4170, 1982.

122



Vincent, C. E., and M. O. Green, Field measurements of the suspended sand concen-
tration profiles and fluxes, and of the resuspension coefficient 4y over a rippled bed.
J. Geophys. Res., 95, 11591-11601, 1990.

Vineent, C. E., D. M. Hanes, and A. J. Bowen, Acoustic measurements of suspended
sand on the shoreface and the control of concentration by bed roughness, Mar. Geol.,

96, 1-18, 1991.
Young, Robert A., Merrill, John T., Clarke, Thomas L., and John R. Proni, Acoustic

profiling of of suspended sediments in the marine bottom boundary layer, Geophysical
Research Letters, Vol. 9, No. 3, 175-178, 1982,

123






h '; I}.-:El .:I
[ '-F.'f. e f
b
. i 'u' i 'EI'J‘E"-:

e ‘-I|.$

AN
t S
(i

v
|

1
il
N "

(i ﬁ' i
ﬂ;-';'@ FE.'
"'?6.
|,'l !_ i

Lf{ I.ﬁ"

’-'-"..' IJ

‘-.. A :. |:”
I'-rl;:* I' "
(f '.'-?Ef e

e
it ﬁ:ﬁ]'{ ,;, i

L ! rl 1‘ L

e

.-._,_

i
! 'i?{:cg,,'-,ﬁ-
!' ‘rlf IIp'.F lr'”
g s .d i

i n't
F'#_.,ﬁu

il

I{'E' i J'l'll.l e .:. X
i B Ao
AT el SR +';.. iy
] 1-f':$1:'ﬂﬂk
‘5 o

Wiy

el o
i ..“-3: g{

i
| ,rl J
|| .II1§|,JII i

'I‘n L;[., |
i"'i'.:l ::‘bl'l_jllirl:'l q‘lf.'rl-.ll.':.l

|..=,|' J: .‘;' E I{II w
M (A 'lj-h '1
Ak '::ﬁ"ﬁ':’-',ﬁ;tﬁ}'tll }'.JMJ .I,'fnl it ,cé’ mk.
ARG qitij}lﬁ |ty \

| ] ||
:f:lll'hﬁ I fﬁ H-.l H

o "l""
rl"'r:."i}f' :.fhlﬁ:[iﬁ:;l l'lu h "'I'I II‘:I-‘;" i

.,-t'fdu,,r" n,h Jw
. 'L‘JE'I*’:-' i
t : ri nlm

i -| J‘.I f II : rla [
ﬂm Hi;w g

i it
'Irs- b7

T e S



